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Microgrids form small-scale power grids with distributed energy resources such as wind
generators, photovoltaic panels, fuel cells, energy storage systems, and controllable loads. The
characteristics of a microgrid include bi-directional power flows, flexible modes of operation, as
well as variable short circuit currents. Due to the weak injection of fault current and short period
nature, the connection of microgrids to the distribution systems or sub-transmission systems
creates serious challenges to existing over-current based protection systems. The protection of
microgrids is gaining substantial attentions in recent years because of large-scale deployment of
microgrids and its impacts to existing electricity infrastructures. New protection methodologies
and solutions applicable for microgrids are studied and presented in this dissertation.
To effectively protect the microgrids, three areas of study are conducted based on the
latest technologies in the protection systems, computing platforms, and communication
networks. Firstly, the Point of Interconnection protection using distance protection with residual
voltage compensation method for an ungrounded microgrid network is presented. This study
resolves the challenging issues of detecting single-phase-to-ground fault at the interconnection
line of microgrid. It can correctly identify the fault, properly measure the fault location, and
timely isolate the fault without jeopardizing the stability of downstream microgrid system and/or

causing dangerous overvoltage and arcing conditions. Secondly, the distribution substation
busbar protection using the synchrophasor data is studied to realize fast and reliable bus
differential protection. Comparing with other busbar protection schemes, this method has the
advantages of low cost, easy configuration, fast expansion, and no circuit limitation. Lastly, an
adaptive protection solution for distribution feeders with microgrids is developed and tested
using RTDS. This study focuses on providing a framework for microgrid over-current
coordination to improve the reliability and dependability of the protected network. Overall, the
research studies presented in this dissertation will provide the power industries with new insights
and methodologies on microgrid protection. Together with other protection functions, the
proposed methods can provide effective microgrid protection against dangerous faults, reduce
arcing condition, increase the possibility of seamless islanding, and consequently improve the
reliability and resilience of microgrids.

DEDICATION
First to my beloved parents for their love, support and encouragement throughout my life.
To my wife and my three lovely kids: Jerry, Jessica and Jennifer, who have supported and
encouraged me on this long journey for higher education.

ii

ACKNOWLEDGEMENTS
My sincere gratitude first goes to Dr. Yong Fu, my major professor, for his great
guidance and advise. Without his inspiration and support, it would be impossible to complete my
dissertation.
Profound appreciation to my Graduate Committee Members and Graduate Coordinator:
Dr. Masoud Karimi, Dr. Seungdeog Choi, Dr. Chanyeop Park and Dr. Jenny Q. Du for their
diligent support and kindness to be members of my graduate committee.
Special thanks to my esteemed friend, Dr. Vahid Madani, who always shares his
expertise, knowledge and experience with me, and my GE colleagues: Dr. Amin Zamani, Dr.
Zhiying Zhang for their support on co-authoring technical papers and providing valuable
comments and guidance.

iii

TABLE OF CONTENTS
DEDICATION ........................................................................................................................... ii
ACKNOWLEDGEMENTS....................................................................................................... iii
LIST OF TABLES ....................................................................................................................vii
LIST OF FIGURES ................................................................................................................ viii
CHAPTER
I.

INTRODUCTION......................................................................................................... 1
1.1
1.2

Research Motivations and Challenges ................................................................ 1
Areas of Study ................................................................................................... 4
1.2.1 New Algorithm for Protecting the Microgrid Interconnection Line............... 4
1.2.2 Phasor Measurement Units (PMU) Based Busbar Protection ........................ 5
1.2.3 Adaptive Protections for Over-current Coordination in Microgrid System .... 6
1.3
Core Contributions ............................................................................................ 7
1.3.1 New Distance Protection Algorithm to Protect the Interconnection Line ...... 7
1.3.2 PMU Based Busbar Protection ..................................................................... 7
1.3.3 Adaptive Overcurrent Protection .................................................................. 8
1.4
Dissertation Organization .................................................................................. 9
II.

BACKGROUND OF PROTECTION TECHNOLOGIES............................................ 11
2.1
2.2
2.3

III.

Protective Relays and Advanced Microgrid Controllers ................................... 11
Synchrophasor ................................................................................................. 14
Communication Technologies.......................................................................... 17

UNGROUNDED MICROGRID INTERCONNECTION LINE PROTECTION USING
DISTANCE REAY WITH RESIDUAL VOLTAGE COMPENSATION .................... 20
3.1
3.2

Introduction ..................................................................................................... 20
Challenges in POI Protection for Ungrounded Microgrid ................................. 24
3.2.1 Direct Transfer Trip (DTT) Method ........................................................... 25
3.2.2 Over-voltage Relay (59G) Method ............................................................. 25
3.2.3 Potentials of Using Distance Relays ........................................................... 26
3.3
Distance Protection using Residual Voltage Compensation .............................. 28
3.3.1 Apparent Impedance Analysis for SLG Fault ............................................. 28
iv

3.3.2 Design of the Proposed Distance Relay ...................................................... 33
3.4
Case Studies .................................................................................................... 36
3.4.1 Short Circuit Study and Fault Impedance Calculation ................................ 36
3.4.2 Distance Relay Model and Simulation........................................................ 39
3.5
Summary ......................................................................................................... 46
IV.

PMU BASED BUSBAR PROTECTION FOR DISTRIBUTION SUBSTATION AND
MICROGRID ............................................................................................................. 47
4.1
4.2

Introduction ..................................................................................................... 47
Busbar Protection ............................................................................................ 48
4.2.1 High Impedance Differential Protection ..................................................... 49
4.2.2 Low Impedance Differential Protection ...................................................... 51
4.2.3 Bus Blocking Scheme ................................................................................ 53
4.2.4 Comparison of the Busbar Protection Methods........................................... 54
4.3
Proposed Bus Differential Protection using Synchrophasor .............................. 56
4.3.1 Phasor Data Concentration and Alignment ................................................. 57
4.3.2 Phasor Data Validation Check .................................................................... 59
4.3.3 Directional Comparison ............................................................................. 59
4.3.4 Operational Characteristic .......................................................................... 61
4.3.5 CT Trouble Circuit Detection ..................................................................... 61
4.4
Algorithm Testing............................................................................................ 64
4.4.1 Internal Fault Testing ................................................................................. 65
4.4.2 External Fault Testing ................................................................................ 68
4.4.3 External Fault Testing with CT Saturation ................................................. 70
4.5
Summary ......................................................................................................... 73
V.

ADAPTIVE PROTECTION FOR OVER-CURRENT COORDINATION OF
MICROGRID NETWORK ......................................................................................... 74
5.1
5.2

Introduction ..................................................................................................... 74
Adaptive Protection Systems: Design and Implementation ............................... 76
5.2.1 Definition................................................................................................... 76
5.2.2 Design and Implementation........................................................................ 77
5.2.2.1 Enhanced Protection Coordination – Communication-Based Blocking
Scheme ................................................................................................ 77
5.2.2.2 Substation-Centric Protection Setting Adjustment ................................ 78
5.2.3 Design and Implementation Considerations................................................ 81
5.3
Case Studies .................................................................................................... 81
5.3.1 Short Circuit Analysis ................................................................................ 82
5.3.2 Feeder Over-Current Protection Coordination ............................................ 84
5.4
Integration and Testing .................................................................................... 84
5.4.1 ASPEN Coordination Study and Simulation............................................... 84
5.4.2 RTDS Test Setup and Data Flow................................................................ 89
5.4.3 HIL Test Cases and Results ........................................................................ 90
5.5
Summary ......................................................................................................... 92
v

VI.

CONCLUSION AND FUTURE WORK ..................................................................... 94
6.1
6.2

Conclusion....................................................................................................... 94
Future Work .................................................................................................... 95

REFERENCES ......................................................................................................................... 96

vi

LIST OF TABLES
Table 2.1

Evolution of protective relays ................................................................................. 12

Table 3.1

Sequence impedance of power elements ................................................................. 37

Table 3.2

Interconnection line A-phase fault values seen at relay location .............................. 38

Table 3.3

Apparent impedances calculated using different distance protection methods ......... 39

Table 3.4

Apparent impedances (Ω) comparison using distance protection with/without
residual voltage compensation ................................................................................ 44

Table 4.1

Equipment cost comparison of different busbar protections with 12 feeders............ 55

Table 4.2

Engineering, installation and maintenance cost comparison of different
busbar protections .................................................................................................. 55

Table 5.1

Microgrid operating mode/configuration (based on status of major switching
devices) .................................................................................................................. 83

Table 5.2

Microgrid 3LG fault current level in different operating modes (Amps).................. 83

vii

LIST OF FIGURES
Figure 1.1 Zone of protection of the utility distribution system with microgrid .......................... 3
Figure 2.1 ABB CO-8 electro-mechanical relay and its inverse curve (curtesy of ABB) .......... 13
Figure 2.2 GE BDD solid state relay and its operating curve (curtesy of GE)........................... 13
Figure 2.3 GE micro-processor relay and its function blocks (curtesy of GE) .......................... 14
Figure 2.4 A synchrophasor sample with 60 phasors per second .............................................. 15
Figure 2.5 Simplified network diagram for synchrophasor data flow ....................................... 17
Figure 2.6 Serial communication and time synchronization with earlier digital relays.............. 18
Figure 2.7 IED Ethernet communication and IEEE1588 time synchronization ......................... 19
Figure 3.1 An example single-line diagram of a microgrid with POI protection ....................... 23
Figure 3.2 Sequence network diagrams of a SLG fault on the interconnection line .................. 29
Figure 3.3 Connected sequence networks for the SLG fault analysis (transferred to the
utility side) ............................................................................................................. 30
Figure 3.4 Reduced SLG fault sequence network for micrgrid side only .................................. 33
Figure 3.5 Microgrid interconnection line protection single line diagram................................. 34
Figure 3.6 Block diagram of distance relay with residual voltage compensation ...................... 36
Figure 3.7 PSCAD network model for the system under study ................................................ 39
Figure 3.8 SLG fault voltage and current waveforms and relay trips (distance relay
without residual voltage compensation) .................................................................. 42
Figure 3.9 Impedance diagram for a A-phase SLG fault at 75% of interconnection line
(distance relay without residual voltage compensation) .......................................... 42
Figure 3.10 SLG fault voltage and current waveforms and relay trips (distance relay with
residual voltage compensation) ............................................................................... 43
viii

Figure 3.11 Impedance diagram for a A-phase SLG fault at 75% (distance relay with
residual voltage compensation) ............................................................................... 43
Figure 3.12 Impedance diagram for a A-phase SLG fault 10Ω fault resistance at 75% of
interconnection line (distance relay with residual voltage compensation) ................ 45
Figure 4.1 High impedance differential protection example ..................................................... 50
Figure 4.2 An example of low impedance bus differential protection ....................................... 52
Figure 4.3 Low impedance bus differential protection characteristics ...................................... 52
Figure 4.4 An example of bus blocking scheme for substation bus protection .......................... 54
Figure 4.5 Proposed bus differential protection using synchrophasor data................................ 57
Figure 4.6 Phasor angle comparison for fault detection............................................................ 60
Figure 4.7 Bus differential operation logic using synchrophasor data....................................... 64
Figure 4.8 RTDS single line diagram for algorithm testing ...................................................... 65
Figure 4.9 Internal fault - phasor magnitude from incoming and outgoing lines of the
bus ......................................................................................................................... 66
Figure 4.10 Internal fault - phasor angle from incoming and outgoing lines of the bus ............... 66
Figure 4.11 Internal fault - differential current calculated from the phasor measurement ........... 67
Figure 4.12 Internal fault - restrain current calculated from the phasor measurement ................. 67
Figure 4.13 Calculated differential and restraint current (internal fault) ..................................... 68
Figure 4.14 External fault - phasor magnitude from incoming and outgoing lines of the
bus ......................................................................................................................... 68
Figure 4.15 External fault - phasor angle from incoming and outgoing lines of the bus.............. 69
Figure 4.16 External fault - differential current calculated from the phasor measurement .......... 69
Figure 4.17 External fault - restrain current calculated from the phasor measurement ................ 70
Figure 4.18 Calculated differential/restraint current (external fault) ........................................... 70
Figure 4.19 RTDs solid phase A to ground fault ........................................................................ 71
Figure 4.20 External fault CT saturation- phasor magnitude ...................................................... 71
ix

Figure 4.21 External fault CT saturation- phasor angle .............................................................. 72
Figure 4.22 Calculated differential/restraint current and block signal (external fault with
CT saturation) ........................................................................................................ 72
Figure 5.1 Enhanced protection coordination – blocking scheme ............................................. 77
Figure 5.2 Blocking scheme logic diagram using GOOSE messages ....................................... 78
Figure 5.3 High-level flowchart of an APS (pre-calculated protection settings) ....................... 80
Figure 5.4 Simplified single-line diagram of the microgrid ...................................................... 82
Figure 5.5 ASPEN model of the microgrid .............................................................................. 85
Figure 5.6 Overcurrent coordination curves under baseline mode (no enhanced
coordination) .......................................................................................................... 86
Figure 5.7 Overcurrent coordination curves under baseline mode (with enhanced
coordination) .......................................................................................................... 87
Figure 5.8 Overcurrent coordination curves under islanded mode (with enhanced
coordination) .......................................................................................................... 89
Figure 5.9 Hardware-in-the-loop test setup .............................................................................. 91
Figure 5.10 HMI for adaptive protection setup .......................................................................... 92

x

CHAPTER I
INTRODUCTION
1.1

Research Motivations and Challenges
The increase of renewable energy production and energy conservation in the form of

Solar (PV), on-shore/off-shore wind farm, biomass, biogas, landfill gas and battery storage has
shown the benefits for homes, utilities, farms, business owners, and remote rural areas by
revenue generation, improved voltage profiles, reduced feeder burden, reduced power losses,
reduced greenhouse gas emissions, and improved services. For the past decades, the renewable
production has been on a steady rise in the world. As an example, the renewable generation is
serving about one-third of the loads in California, with solar systems taking a major portion of
this generation [1]. This is leading to increasingly significant levels of distributed renewable
energy generation and microgrids being installed on existing distribution circuits.
Based on the Department of Energy (DOE) definition, a microgrid is ‘a group of
interconnected loads and distributed energy resources within clearly defined electrical
boundaries that acts as a single controllable entity with respect to the grid, A microgrid can
connect and disconnect from the grid to enable it to operate in both grid-connected or island
mode’[2]. Microgrids have the capabilities to bring the energy services to off-grid or weak-grid
communities which connect to the utilities’ distribution feeders. Since microgrids are
decentralized and located in the load centers, they reduce the transmission and distribution losses
of energy and ensure high quality and reliability of energy supply to remote settlements and
1

critical sectors such as hospitals, campuses, police stations, jails, theaters, stadiums, military
bases, etc. For example, based on the energy markets data in 2018, over 280 communities with a
population of approximately 200 000 people in Canada, are not connected to the North American
electrical grid. These remote communities primarily rely on expensive diesel-fired generation,
while others rely on smaller local or regional electricity grids based on hydro or trucked-in
liquefied natural gas [3]. Developing the microgrids that use solar, battery storage, and grid
technology helps the transition from expensive diesel-fired generation to cleaner energy sources.
The protection of the distribution system (see Figure 1.1), where most of microgrids are
connected, is primarily achieved by overcurrent protection devices such as protective relays,
reclosers, fuses and etc.. The overall protection system consists of protection at Point of
Interconnection (POI), interconnection transformer protection, distribution busbar protection,
feeder protection, and generator protections. Those protection devices are coordinated by
overcurrent operation curves with a typical coordination time interval of 0.3-0.5s. A microgrid
can connect to the utility grid at the POI and operate on a grid-connected mode. In case of power
outages caused by fault or extreme weather conditions such as storms, earthquakes or other
reasons, a switch or circuit breaker can separate the microgrid from the utility grid either
automatically or manually, thus operating on an islanded mode; under this operation mode, the
available short-circuit current may be significantly less than when in a grid-connected mode.
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Figure 1.1

Zone of protection of the utility distribution system with microgrid

To summarize, the main microgrid protection challenges are listed below:
• Fault current may change significantly from grid-connected mode to islanded mode.
• Bidirectional power flow. The direction of power flow and its magnitude may
change, which could result lower sensitivity if protection is to setup based on the
grid-connected mode.
• Loss of Utility (LOU) detection of. Microgrid can operate islanded mode. However,
the detection of LOU function is critical such that the transition of grid-connected
mode to islanded mode does not cause any stability or power quality issue.
3

• Adaptive overcurrent protection coordination settings based on the topology and
generation changes
• Seamless change of grid-connected mode to islanded mode or verse versa
The protective relays in the power industry have been evolved from single function electromechanical relays to modern digital relays, which have multiple protective functions, selfdiagnose, data recording and enhanced communication capabilities. All these technology
improvements help bring the era of digital substations and smart grids, which also enables the new
solutions to protect the distribution systems with microgrids.
1.2

Areas of Study
In responding to the increased challenges on penetration of renewable energy to the

traditional power grids, three areas of study are proposed to better utilize the new technologies,
schemes and solutions into the protection of microgrids and are summarized below.
1.2.1

New Algorithm for Protecting the Microgrid Interconnection Line
A Single-Line-to-Ground (SLG) fault occurring on a utility feeder that supplies the

ungrounded microgrid should be quickly isolated. This sort of protection can be realized in two
ways: (i) sending a Direct Transfer Trip (DTT) from the utility station once a corresponding
breaker on the utility feeder opens, or (ii) using an over-voltage relay (59G) energized by a
broken-delta voltage transformer on the utility side of the interconnection transformer. Sometime
the cost associated with the installation and maintenance of a communication system to enable
DTT scheme can be excessively high. While the 59G option is an economical and sensitive
solution, the settings of the 59G relay shall be chosen very carefully to ensure protection
selectivity. More importantly, longer operating times will be required to make sure the protection
4

will not operate for an external fault. An SLG fault on the utility feeder is seen by the
interconnection relay as a phase-to-phase fault at the low-voltage side of the transformer with
low fault current. Moreover, the fault current disappears once the utility-side breaker opens. This
makes the interconnection protection more challenging.
This research studies the use of phase distance relay at the microgrid side of the step-up
interconnection transformer to provide coordinated protection against ground faults on the highvoltage (utility) side. The apparent impedance measured by the phase distance relay is not
correct if traditional methods are used. The study shows the closer the fault to the relay, the
larger the apparent impedance seen by the relay, which conflicts with the fundamental distance
protection principle. Therefore, it is proposed to utilize residual voltage compensation method to
solve this issue such that the phase distance relay can correctly identify the SLG fault, accurately
measure the apparent impedance and fault location, and reliably isolate the fault without
jeopardizing the stability of downstream system (e.g., a microgrid) and/or causing dangerous
overvoltage and arcing condition.

1.2.2

Phasor Measurement Units (PMU) Based Busbar Protection
The common form of bus differential protection is to use either a high impedance

differential relay or a biased low impedance differential relay. Bus protection using a feeder
overcurrent blocking scheme is also widely used in the sub-transmission and distribution levels
due to the high cost of the complete bus differential protection solutions. In this dissertation, the
use of synchrophasor measurements for bus differential relay is studied and a novel bus
differential relay is proposed, designed and tested by implementing the relay in Matlab. The
synchrophasor measurements under different fault scenarios were simulated and recorded using
RTDS. This research proves that PMU based busbar protection can be used to realize fast,
5

reliable bus differential protection. Together with other protection methods, it can satisfy the
requirement for bus protection and provide an option for a low-cost complete bus protection
system for the distribution and microgrid stations.

1.2.3

Adaptive Protections for Over-current Coordination in Microgrid System
Protection system must provide proper sensitivity and selectivity and clear the fault

within an appropriate time. The sensitivity of the relays is to make sure the intended relays “see”
the fault strongly and has a stronger propensity to operate. This is more related with the
overcurrent (OC) pickup settings. Selectivity means that the closest relay to the fault (primary
relay) must operate first to isolate the fault and make sure the minimum outage during the fault
clearance. If the relay closest to the fault does not operate, then the upstream relay should operate
after the coordination time interval (CTI). The power distribution systems with microgrids
challenge the conventional protection philosophies in distribution systems. This is mainly due to
the dynamic changes in the microgrid operational mode, load, generation, and short-circuit
characteristics (direction, magnitude, sequence component, etc.). The sensitivity and selectivity
are often challenged by topology change of the network such as tie breaker open/close,
generators on-line/off-line, utility-connected mode, and islanded mode. Adaptively selecting the
OC pickup and curve becomes critical to make sure the sensitivity and selectivity of the
protection system. This study focuses on how the OC settings can be optimized adaptively to
reflect the change of system conditions using microgrid controllers. And modern communication
technologies and framework for the microgrid protection system to initiate and communicate the
settings change are discussed.

6

1.3

Core Contributions
This dissertation studies the challenges of microgrids protection systems and presents key

solutions and their benefits by using novel technologies and algorithms to help protect the
microgrid penetrated distribution systems. The main contributions of the research are
summarized below:
1.3.1

New Distance Protection Algorithm to Protect the Interconnection Line
This study investigated the issues with the current distance algorithm to protect the

interconnection line and proposed an enhanced distance protection using residual voltage
compensation. The enhanced distance protection algorithm was studied to resolve the issues with
the existing distance algorithms, which fails to detect the SLG fault on the interconnection line
when the microgrid is ungrounded. In order to ensure the correct operation, performance of the
proposed algorithm was also investigated in ASPEN and PSCAD to compare with the existing
distance algorithms using the test cases. This research presents the efforts involved in developing
a new algorithm for protecting interconnection line. The proposed method is also proved to be
economical as it can be implemented in the existing distance relay platform without adding any
hardware.
1.3.2

PMU Based Busbar Protection
The advantages of using phasor technology to protect the bus bar comparing traditionally

low-impedance or high impedance bus protection are lower equipment and installation cost, easy
expansion to include additional feeders, and simplified configuration. In this research, the use of
synchrophasor data for bus differential protection is studied in detail. This study differentiates
itself from the previous study of using synchrophasor for transmission line protection by
7

considering the complexity associated with the busbar protection such as directional comparison,
CT failure and saturation detection algorithms. The bus differential relay is modeled using
Matlab. RTDS is used to create the internal and external faults for the inputs of PMUs. The
phasor data is streamed to PDC where the time-aligned phasor data is collected and recorded.
The recorded phasor data is then extracted from the PDC and imported to the Matlab differential
relay to test the proposed bus differential scheme.

1.3.3

Adaptive Overcurrent Protection
Protection systems are typically designed for worst-case scenarios to manage the impacts

of expected changes in the system. Such an approach, however, will not be effective for
microgrid systems because their operating conditions are expected to change dynamically. In this
study, the main challenges associated with the protection of microgrids are briefly described
first; and two alternative solutions, an enhanced protection coordination using an IEC61850
GOOSE blocking scheme and a centralized protection setting adjustment via real-time microgrid
monitoring, are then proposed to address those protection issues. An architecture framework for
microgrid protection systems is explained in the context of a practical microgrid project to show
different steps and various considerations in the design of an effective protection system for a
reliability-focused microgrid system. Comprehensive protection studies were performed on a
distribution station with microgrid connected on two of its feeders. Hardware-in-the-Loop tests
were also conducted to verify the effectiveness of the adaptive scheme implemented on a
microgrid controller. The testing results indicate that the proposed adaptive protection system
(APS) can elegantly resolve the protection coordination challenges for a microgrid system.
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1.4

Dissertation Organization
The dissertation contains five chapters. Chapter I (the current chapter) states the research

motivations and core contributions toward the protection of microgrids.
Chapter II provides a review on the currently available technologies that the studies are
based on, such as the microprocess relays, synchrophasor and communication network in the
substation.
The following three chapters, Chapter III, IV, and V, discuss the studies in detail for the
protection of microgrids, respectively. They feature the new algorithms and solutions for the
protection of microgrids using the new technologies. The highlights of these researches are
summarized as follows:
Chapter III proposes to use distance relay at the microgrid/LV side of the interconnection
transformer to provide a protection against SLG faults on the interconnection line at the
utility/HV side, which executes an enhanced apparent impedance calculation for the fault using
residual voltage compensation. The designed distance protection relay can correctly identify the
fault, properly measure the fault location, and timely isolate the fault without jeopardizing the
stability of downstream microgrid system. In this chapter, various cases are analyzed using
ASPEN and PSCAD simulation tools to demonstrate the effectiveness of the proposed method
for protecting the ungrounded microgrid interconnection line under different fault scenarios. The
study solves a challenging issue for microgrid protection to meet the IEEE1547, which states the
microgrid must open the circuit breaker at the POI for a short-circuit fault on the interconnection
line.
Chapter IV proposes a novel busbar protection methodology for power distribution
station using PMU data. The study uses readily available PMU data from modern digital relays
9

to realize the protection of busbar for the distribution stations, which often have more branches
than power transmission station. It is difficult and costly to protect the distribution station bus
with the same method as the transmission station. The study shows using PMU data is costeffective and performance of the protection is within the expectation of the distribution system
[4].
Chapter V studies the OC coordination issues for a distribution feeder with microgrids.
The dynamic nature of a microgrid forces traditional method of OC coordination cannot be used.
New methods and solutions must be studied. The advance of communication technology
provides the new vison for the microgrid protection. Adaptive protection based on the grid
topology and power flow can be applied dynamically to the group of OC relays via a centralized
brain – the microgrid controller. The research provides a framework for microgrid OC
coordination to improve the reliability and dependability of protection system [5].
Chapter VI concludes the research works and provides insights for future works that
could further improve the protection, operation, and maintenance of microgrids such as PMU
based fault location, adaptive protection with real-time overcurrent coordination study, and
failure prediction system for power equipment.
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CHAPTER II
BACKGROUND OF PROTECTION TECHNOLOGIES
Protection of the modern distribution system poses series challenges to utility engineers
due to the meshed connection and fed by DERs and microgrids. This increased complexity
requires new methodologies and solutions (e.g. algorithms, schemes implemented using devices
with new technologies) such that faults can be cleared quickly by isolating the faulty section and
restore the power to consumers connected to the network as soon as possible. The chapter looks
through the current available new technologies that can help resolve the challenges.
2.1

Protective Relays and Advanced Microgrid Controllers
Protective relays are very important part of the power system. A review on protective

relays’ development and trends was presented by A. Abdelmoumene and H. Bentarzi [6]. The
evolution of protective relays has undergone three stages: electro-mechanical (EM), Solid State
Relays (SSR) and multi-functional micro-processor based digital relays. Since the EM and SSR
are single function relays, protecting a three-phase AC equipment would need two or three units
for each function block and an important power system equipment would need primary and
backup protections, it is typical that a protection relay rack that contains a dozen of EM or SSR
relays is used to protect only a power transformer or generator. However, with modern
microprocessor relays, only two relays (primary/backup) will typically be enough to protect the
same power equipment. Table 2.1 summarizes the evolution of protective relays and their main
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features. And Figures 2.1, 2.2 and 2.3 represent these three generations of protective relays
[7][8][9].
Another advantage of the microprocess relay is the self-diagnostics or self-test function,
which can report failures of itself to the maintenance personnel through communication. The
storage of oscillography in the way of Comtrade files allows the post-fault analysis such that the
root cause of failure can be identified much more easily [10].
Table 2.1

Evolution of protective relays

Relay Types
Electromechanical Relays

Feature Description
Induction moving disk
type, single function

Solid State Relays

Relay using electronic
devices, single function, no
moving parts.
Micro-processor based,
A/D conversion, multifunctional, high-speed
communications. No
moving part.

Digital Relays or Microprocessor Relays

12

History Background
First induction disk type inverse
time current relay produced in
1910.
The SSR came into place around
1940.
In 1979, the first micro-processor
relay was commercially released.
multi-function micro-processor
relays were available to the power
industry around late 1980s,

Figure 2.1

ABB CO-8 electro-mechanical relay and its inverse curve (curtesy of ABB)
1
2
3
4

6
7
8
9

5
10

1. Instantaneous Overcurrent Unit
2. Auxiliary Unit
3. Percentage Slope Calibrating Resistor
4. Percentage Slope TAP Plate
5. Ratio Matching Taps
6. Series Tuning Capacitor
7. DC Control Voltage Tap Plate
8. Differential Current Transformer
9. Rectifier Terminal Board
10. Through Current Restraint Transformer

Figure 2.2

GE BDD solid state relay and its operating curve (curtesy of GE)
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Figure 2.3

GE micro-processor relay and its function blocks (curtesy of GE)

The microgrid controller is a real-time computing platform that gathers data from
protective relays, sensors, PMUs and other metering devices and distributes the data to different
applications such as PV firming, planned islanding, APS, black startup, load shedding and voltvar regulations. It typically supports all available protocols such as DNP3.0, C37.118, Modbus,
IEC61850 and can process the complex logic applications with a cycle time of microseconds.
2.2

Synchrophasor
Per definition in IEEE C37.118.1 [11], Phasor is a complex equivalent of a sinusoidal

wave quantity such that the complex modulus is the cosine wave amplitude and the complex
angle (in polar form) is the cosine wave phase angle. In the AC power system, the fundamental
voltage or current signal can be expressed as:
14

(2.1)

x(t) = 𝑋𝑚 (𝑡) cos[𝜃(𝑡)]
Where
t is the time in seconds;
Xm is the peak magnitude of the AC signal;
𝜃 is the angular position of the AC signal in radians
The phasor signal is then represented as a complex number as

𝑋 (𝑡 ) = (

𝑋𝑚 (𝑡)
√2

(2.2)

, 𝜃(𝑡) − 2𝜋𝑓0 𝑡)

Whose magnitude is the RMS value of the fundamental magnitude and angle (range:-π,
π); is the difference between the signal fundamental angle and the phase angle of a cosine at the
nominal signal frequency that is synchronized to Coordinated Universal Time (UTC). Phasor
synchronized to a common time source (e.g. GPS) and referenced to a common nominal
frequency are defined as synchrophasors (Figure 2.4). IEEE C37.118.1 and C37.118.2 define
measurement requirement and method for exchange of synchronized phasor measurement data
between power system equipment.

Figure 2.4

A synchrophasor sample with 60 phasors per second
15

The massive deployment of Phasor Measurement Units (PMUs) followed by large scale
blackout occurred worldwide (Northeast blackout of 2003, 2012 India blackout, etc.) was
intended to help the operators with real-time insight and bird's-eye view of the power system
thus large scale blackout can be avoided by taking corrective actions. It is currently primary used
for applications such as: wide area monitoring & advanced warning systems, angular instability
detection, wide-area voltage regulation, remedial action & special protection scheme and so on.
Vahid Madani and other experts have spent a consider amount of effort on PMU placement and
applications on the utility grid to realize the real-time situation awareness of the grid using
synchrophasor data [12]-[14].
In addition, the applications of synchrophasor in the power system protection and control
have been studied. The introduction of synchrophasor for protection applications in general was
discussed in reference [15]. E.O. Schweitzer, et al. have studied the synchrophasor applications
in generator shedding, backup transmission line protection, and distributed bus differential
protection[16]. The backup transmission line protection using synchrophasor technology was
studied in detail in [17] and [18]. Synchrophasor can also be used to estimate the transmission
line parameters [19], which can then be used to verify the settings of distance relays. IEEE
working group C-14 of the Power System Relaying Committee has published a report on using
synchrophasor for protective relay applications and indicated the synchrophasor based bus
differential protection could be one of the applications [20].
Figure 2.5 illustrates that Phasor Measurement Units (PMUs) and Phasor Data
Concentrators (PDCs) are connected through wideband, high-speed communications channels
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such as PMU data can be transmitted real-time from field devices to utility control center for
analytical applications.
PDC in Utility
Control Center

Synchrophasor
Applications

Substation n

Substation 1
Station PDC

Router/Firewall

Station PDC

GPS Clock

GPS Clock

Ethernet Swtich

PMU 1

Figure 2.5

2.3

Router/Firewall

Ethernet Swtich

PMU n

PMU 1

PMU n

Simplified network diagram for synchrophasor data flow

Communication Technologies
Modern Micro-process relays have been designed to make use of the advanced

communication technologies and self-diagnostic functions compared to their earlier generations.
Protection engineers can leverage these enhanced communication capabilities to increase
equipment and overall design reliability. This inherent internal monitoring features also
facilitate easier root cause investigation of system performance and post-failure analysis. To take
advantage of these capabilities, the communication network must be setup to support massive,
fast and reliable data transfer. It might involve upgrading the substation network switches,
gateways and GPS clocks to mention a few items and it might also require reconfiguration of
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RTUs and retesting of SCADA systems etc. One example of this is the DNP/Modbus
communication with RTUs, where the earlier generation of microprocess relays would use serial
communication (RS485 or RS232) with a low baud rate (see Figure 2.6) which may no longer
satisfy the latest requirements of standards, the needs of the user or the needs of applications
being implemented. Network (Ethernet) based high-speed communication could, on the other
hand, provide real-time data with relatively lower cost and make the upgrade feasible by
providing additional monitoring capabilities. Strategies and practical concerns when upgrading

COM

IRIG-B -

RS485 +

GPS
Clock

IRIG-B +

RS485 -

or replacing the old generation of relays to microprocessor-based relays were discussed in [21].
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Earlier
MP Relay

Figure 2.6

Earlier
MP Relay

IRIG-B -

IRIG-B +

COM

RS485 -

RS485 +

IRIG-B -

IRIG-B +

COM

RS485 -

RS485 +

IRIG-B -

IRIG-B +

COM

RS485 -

RS485 +

COAXIAL CABLE

Earlier
MP Relay

Serial communication and time synchronization with earlier digital relays
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Utility Network / SCADA
ROUTER

Substation Gateway
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Figure 2.7

GPS Clock
(IEEE 1588)

ETHERNET
SWITCH

ETHERNET
SWITCH

MP Relay

MP Relay

MP Relay

IED Ethernet communication and IEEE1588 time synchronization

Figure 2.7 shows a typical modern micro-processor relays communication network using
multiple Ethernet ports and LANs that support lots of available technology requirements and
applications such as synchrophasor data, IEC61850 client / server and GOOSE, network time
protocol (IEEE 1588), etc.
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CHAPTER III
UNGROUNDED MICROGRID INTERCONNECTION LINE PROTECTION USING
DISTANCE REAY WITH RESIDUAL VOLTAGE COMPENSATION
3.1

Introduction
The increasing penetration of distributed energy resources (DERs) and deployment of

microgrids (MGs) require re-evaluation of traditional distribution system protection schemes that
are mainly designed for supplying the electrical loads. The challenges on microgrid protection,
such as variable fault current levels, bidirectional power flow, detecting loss of source, adapting
to topology and generation changes, as well as re-synchronization, were addressed in details in
the IEEE PES_TP_TR71 Technical Report for Microgrid Protection Systems [22]. In recent
years, a considerable amount of efforts to identify and resolve the issues and challenges that are
caused by dynamic change of the operational conditions of microgrids, have been made to ensure
a continuous, safe, and reliable grid operation. Such research efforts have completed the
significant accomplishments on the protection, operation, and integrity of the microgrid [23][26]. However, they have not focused on proper protection of the microgrid Point of
Interconnection (POI).
One of the main tasks of connecting a microgrid to utility distribution system is the
selection of protective functions (including overcurrent, over/under voltage and frequency
protections) at Point of Interconnection (POI). It depends on many factors such as type and size
of distributed generator, utility interconnection requirements, interconnection grid (e.g.
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transmission, sub-transmission or distribution), interconnection transformer configuration, as
well as grounding of the grid (e.g. ungrounded, solid grounded, or impedance grounded). The
studies on the methods of grounding the distribution networks, their impacts on fault response,
and ground fault protection methods are essential for the microgrid protection design [27], [28].
It is quite normal that a grounded utility system is interfaced with a microgrid via a utility-side
ungrounded interconnection transformer. When a challenging single-line-to-ground (SLG) fault
on the interconnection line (utility side) occurs, the (solidly grounded) utility feeder protection
relay may trip faster since it would see a large ground fault current. This, however, leaves the
interconnection line ungrounded and hanging for a relatively long time before voltage or
frequency elements of the POI protection operate due to insufficient power supply to the
microgrid. It is also noted that the IEEE Standard 1547 [29] requires that all DERs in microgrid
should quickly detect an unintentional island and cease to energize and trip for a short-circuit
fault on the interconnection line, and the islanded operation of DERs with utility loads is not
allowed since it may complicate the restoration process (e.g. synchronizing or automatic
reclosing).
Therefore, quick isolation of a SLG fault on a utility feeder that is fed by an ungrounded
interconnected transformer (on utility side) is a challenging work. As shown in Figure 3.1, a
13.2kV microgrid is connected to the 34.5kV utility feeder via an Yg-Delta step-up transformer
and an interconnection line. A multi-functional protection relay at the LV (microgrid) side of the
interconnection transformer is used as the POI protection, including directional overcurrent-67,
voltage-27/59, frequency-81, and other protective functions. When a SLG fault on the
interconnection line happens, it is seen by the relay at microgrid side as a phase-to-phase fault
with low fault current prior to the opening of the utility breaker CB0. Once breaker CB0 opens,
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the microgrid-side fault current disappears, which creates a challenging issue for the
interconnection protection. To protect ungrounded microgrid at the POI, various protection
methods have been developed, among which (i) sending a Direct Transfer Trip (DTT) from the
utility substation to the POI relay to trip the breaker CB1 on the microgrid side once the breaker
CB0 on the utility side opens, and (ii) using an overvoltage element-59G energized by a brokendelta voltage transformer on the utility side of the interconnection transformer (neutral
overvoltage displacement) to detect the SLG fault and open CB1. However, there are still several
issues to be addressed in terms of their high installation and maintenance cost of low latency
communication system, sensitivity assessment of relay settings, and delayed fault clearing time
due to selectivity requirements.
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To solve the challenges facing to the existing POI protection methods especially for SLG
faults, this dissertation will investigate the potentials of using the distance protection relay
against the SLG fault on interconnection line and propose an enhanced distance protection
algorithm using residual voltage compensation to ensure correct POI protection operation.
Unlike existing DTT and over-voltage relay-59G methods which may only isolate the fault but
the whole interconnection line may need be patrolled to find the fault location, our proposed
protection method can reflect the fault location and thus a report can be generated for operation
and maintenance personals for a quick tour of the line to clear the fault. In addition, our proposed
distance protection method needs minimal firmware update to the existing distance protection
relay and thus is economical because it requires no hardware change and can be implemented on
the existing distance relay platform easily. The testing results will demonstrate that our method
can correctly identify the SLG faults, properly measure the apparent impedance for the fault, as
well as timely isolate the fault without jeopardizing the stability of downstream system (e.g., a
microgrid/DERs).
3.2

Challenges in POI Protection for Ungrounded Microgrid
The protection at POI against Loss of Utility is a critical issue that should be resolved for

an ungrounded microgrid that is normally connected to a utility feeder. Although methods like
under/over-voltage, under/over-frequency, rate of change of frequency, and/or rate of change of
voltage may be used to detect the formation of unintentional island or loss of grid, they have
non-detection zones and may fail to detect the islanding situation, especially when microgrid
load and generation are comparable [30]. In this section, two common POI protection methods,
DTT and over-voltage relay- 59G, will be briefly discussed first, and then the potentials of using
distance relays for the POI protection will be investigated.
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3.2.1

Direct Transfer Trip (DTT) Method
Figure 3.1 shows that the DTT method can send trip signal through communication

channel from the utility substation to the microgrid protection relay when there is a fault on the
interconnection line. Such transfer trip requires a reliable and low latency communications
channel. In some cases, however, the cost associated with the installation and maintenance of
such a communication (e.g. fiber or radio channel, leased line, and end communication
equipment) to enable DTT scheme could be excessive. This is one of the reasons that some
utilities require DTT only for the microgrids/DERs that are greater than the defined power limit.
For example, Hydro One, in Ontario Canada, requires DTT from the substation when the
aggregate DER facility capacity is greater than 1 MW or 50% of the minimum feeder load or the
minimum load downstream of recloser [31]. In short, an economical solution is highly required
to detect the interconnection line faults and isolate the ungrounded microgrid from the utility
distribution feeder.
3.2.2

Over-voltage Relay (59G) Method
As an alternative shown in Figure 3.1, the over-voltage relay- 59G connected to the

broken-delta potential transformer terminal, can be used to detect the SLG fault on the
interconnection line when the connected microgrid is ungrounded. As we know, for a complete
ungrounded feeder (means if the utility side of the interconnection line is also ungrounded), the
voltage detected at the 59G is zero for a balanced and normal system condition, but is three
times the nominal phase-to-neutral voltage for a SLG fault . However, when the utility side of
the interconnection line is grounded, the detected will vary based on the utility system zerosequence impedance and the fault location of the line. The settings of 59G relay for the SLG
fault must be chosen very carefully to ensure the protection selectivity [32], [33]. In other words,
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this method cannot be reliably implemented especially when the utility side of the
interconnection line is solidly grounded. More importantly, longer operating times will be
required to make sure the protection will not operate for an external fault at utility side. A typical
way of solving this issue is to delay the 59G operation until the utility breaker tripped open,
which may take up to 1 second depending the protection function and fault location. This delay
creates a temporally over-voltage condition for a short period. Also, slow operation of 59G relay
may create challenges to coordinate with other downstream microgrid protections and fail to
isolate the microgrid before the generator protections trip the DGs. Thus, all those concerns on
the 59G method motivated us to find a new POI protection solution, which can securely detect
and timely clear SLG faults on the interconnection line.
3.2.3

Potentials of Using Distance Relays
Distance relays have widely used for protecting the high-voltage AC transmission and

sub-transmission lines. Standards [34], guidelines and application examples [35] are available on
how to use distance relays under different fault scenarios. In recent years, studies have been done
on using distance relays in the distribution network with the increase of renewable energy
resources because of their obvious advantages over overcurrent relays [36], [37], including
inherent directionality, fixed reach setting, as well as independent of changing system conditions
[38]. In addition, using distance relays, a fault can be located since the apparent impedance
measured is a representative of distance of the faulty line from the relay location. It is well
known that the apparent impedances are typically calculated using equation (3.1) for detecting
SLG faults and equations (3.2) for three-phase (3LG), phase-phase-to-ground (2LG), as well as
phase-phase (2L) faults, where 𝑉𝑎 , 𝑉𝑏 , and 𝑉𝑐 are phase A, B, C to ground voltages,
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respectively,𝐼𝑎 , 𝐼𝑏 , and 𝐼𝑐 are phase A, B, C to ground current, respectively; 𝑘0 is zero sequence
current compensation factor; and 𝐼𝑅 is residual ground current [39].
Z ag =

Va
Vb
Vc
| Zbg =
| Z cg =
I a + k0 I R
I b + k0 I R
I c + k0 I R

(3.1)

Z ab =

Va − Vb
V − Vc
V − Va
| Zbc = b
| Z ca = c
I a − Ib
Ib − Ic
Ic − Ia

(3.2)

Notice that the delta-wye interconnection transformer between a distance relay and the
line fault changes the complexion of the fault current and voltage by magnitude and phase angle
shift as viewed by the distance protection relay [40]. More specifically, except for three-phase
faults, equation (2) no longer gives correct reach and fault phase identification. That is because
the delta-wye transformer causes the positive-sequence components of the currents and voltages
on the relay side to shift 30° in one direction, while the negative-sequence quantities are shifted
30° in the other direction; and the zero-sequence quantities are not transferred through the power
transformer. Studies have been conducted to improve the performance of the distance protection
relays using current/voltage transformation in order to detect the fault beyond the transformer.
As an example, for a phase-phase fault on the microgrid interconnection line with a YD11
transformer, equation (3.3) has been used to replace equation (3.2) for calculating the apparent
impedances [41].
Z ab =

−3Vb
−3Vc
−3Va
| Zbc =
| Z ca =
I a + Ic − 2Ib
I a + Ib − 2I c
I b + I c − 2I a

(3.3)

However, about 70% of the fault happening in distribution systems are SLG faults [42],
for which no zero-sequence current will be seen by the distance protection relay due to the deltawye power transformer configuration. Consequently, distance protection relay using equations
(3.1), (3.2) and/or (3.3) is no longer effective to respond to SLG faults. This critical issue will be
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further addressed in the next section so that the enhanced distance relay can provide a complete
protection against all faults on the ungrounded microgrid interconnection line.
3.3

Distance Protection using Residual Voltage Compensation
This section first analyzes the apparent impedance seen by the distance relay when a SLG

fault happens on the interconnection line, and then propose a new distance protection method
using residual voltage compensation which will be integrated into the existing distance
protection functions to correctly and timely detect all types of faults on the ungrounded
microgrid interconnection line.
3.3.1

Apparent Impedance Analysis for SLG Fault
To find the root cause of the incorrect apparent impedance seen by the distance relay

installed at microgrid side, the well-known sequence networks are used when a SLG fault
happens on the interconnection line.
To find the root cause of the incorrect apparent impedance seen by the phase distance
relay installed at microgrid side, the well-known sequence networks are used when a SLG fault
happens on the interconnection line. Figure 3.2 shows the positive-, negative-, zero-sequence
networks in per-unit for a SLG fault on the interconnection line, in which the pre-fault source
voltages 𝑉𝑆𝑦𝑠 and 𝑉𝑀𝐺 are at utility and microgrid sides, respectively; 𝑍𝑆𝑦𝑠 , 𝑍𝑀𝐺 , 𝑍𝐿 , and 𝑍 𝑇 are
the source equivalent impedances of utility system and microgrid, interconnection line and
transformer impedances, respectively; k is the percentage of the interconnection line from relay
to fault location; and 𝑉1𝑀𝐺 , 𝑉2𝑀𝐺 , 𝐼1𝑀𝐺 , and 𝐼2𝑀𝐺 are positive- and negative-sequence voltages
and currents measured by the distance relay at microgrid side. The positive- and negative-
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sequence networks are similar, while the zero-sequence network has a break in it due to the
delta-wye connection of the interconnection power transformer.
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Z1MG
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N2
:1
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k*Z0L

Z0T

Relay

Z0MG

Z0Sys
N0

Figure 3.2

Sequence network diagrams of a SLG fault on the interconnection line

The following common assumptions for the fault protection study are used to simplify
our analysis: 1) the prefault source voltages 𝑉𝑆𝑦𝑠 and 𝑉𝑀𝐺 are the same; 2) the positive sequence
impedance is equal to negative sequence impedance for the equipment including equivalent
sources, interconnection line, and transformer; and 3) the fault is solid ground fault (fault
resistance 𝑅𝑓 = 0).
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Thus, after combining the equivalent voltage sources at both utility and microgrid sides
into one equivalent source 𝑉𝑒 for the the positive-sequence network, the sequence networks
converted to the HV/utility side can be connected in series at the SLG fault point. As shown in
Figure 3.3, the sequence network impedances are calculated as

Z1MG + Z1T + k*Z1L
-

I 1MG

+

Ve

+

Z1Sys + (1-k)*Z1L
I1

V1
-

Z2MG + Z2T + k*Z2L
I 2MG
+

Z2Sys + (1-k)*Z2L
I2

V2
-

I0
Z0Sys + (1-k)*Z0L

+

V0
-

Figure 3.3

Connected sequence networks for the SLG fault analysis (transferred to the utility
side)

Z1 = (Z1Sys + (1 − k )Z1L ) || (Z1MG + Z1T + kZ1L )

(3.4)

Z 2 = (Z 2 Sys + (1 − k )Z 2 L ) || (Z 2 MG + Z 2T + kZ2 L )

(3.5)

Z0 = Z0 Sys + (1 − k )Z0 L )

(3.6)

Thus, the fault currents in the sequence domain can be easily determined by
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I1 = I 2 = I 0 =

Ve
Z1 + Z 2 + Z 0

(3.7)

The corresponding sequence fault current contributions by the microgrid can be obtained
by using the current division as below. Note that they should be converted to microgrid side as
the positive sequence current has been shift 30 degrees to one direction and negative sequence
current to another direction due to the YD11 connection of the interconnection transformer
I1MG = I1 * e− j 30 *
I 2 MG = I 2 * e j 30 *

Z1Sys + (1 − k )* Z1L

(3.8)

Z1Sys + Z1L + Z1T + Z1MG
Z 2 Sys + (1 − k ) * Z 2 L

(3.9)

Z 2 Sys + Z 2 L + Z 2T + Z 2 MG

I 0 MG = 0

(3.10)

As it is assumed the positive- and negative-sequence elements have the same value,
equation (3.11) can be deducted from equations (3.7) - (3.9).

I 2 MG = I1MG * e j 60

(3.11)

Now in order to get the apparent impedance seen by the distance relay at microgrid side,
the corresponding sequence voltage elements are calculated at the relay location:

V1MG = Ve * e − j 30 − I1MG * Z1MG

(3.12)

V2 MG = − I 2 MG * Z2 MG

(3.13)

V0 MG = 0

(3.14)

Next the phase voltages and currents at the relay location can be obtained by using the
well-known transformation ( a = 1120o ) as below
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Ia   1
 I  = a 2
 b 
 I c   a

1
a
a

2

1  I1MG  Va   1
1  I 2 MG  | Vb  =  a 2
1  I 0 MG  Vc   a

1 V1MG 
1 V2 MG 
1 V0 MG 

1
a
a

2

(3.15)

Recall that a SLG fault on the interconnection line is seen by the distance relay at microgrid side
as phase-phase fault due to the delta-wye connection of the interconnection transformer. As an
example, let’s calculate the apparent impedance 𝑍𝑎𝑏 for the A phase fault using equations (3.11)(3.13), and (3.15) as below
Z ab =

Va − Vb V1MG (1 − a 2 ) + V2 MG (1 − a )
=
I a − I b I1MG (1 − a 2 ) + I 2 MG (1 − a )
o

o

=

(Ve * e − j 30 − I1MG * Z1MG )(1 − a 2 ) − I1MG * Z1MG * e j 60 (1 − a )

=

(Ve * e − j 30 − I1MG * Z1MG ) − I1MG * Z1MG * e j 60 (1 + a )

o

I1MG (1 − a 2 ) + I1MG * e j 60 (1 − a )
o

o

o

I1MG + I1MG * e j 60 (1 + a )
𝑜

Notice that

𝑒 𝑗60

1+𝑎

= 1, get
o

Z ab

(V * e− j 30 − I1MG * Z1MG ) − I1MG * Z1MG
= e
2 I1MG

(3.16)

o

V * e− j 30
= e
− Z1MG
2 I1MG

Further, Figure 3.3 can be reduced to Figure 3.4 which includes microgrid branch only.
′
From Figure 3.4 and realizing the 30° angle shift of the utility-side 𝐼1𝑀𝐺
when converting to its

microgrid-side 𝐼1𝑀𝐺 due to the YD11 connection of interconnection transformer, we easily get
equation (3.17) where 𝑉0 is zero sequence voltage seen from utility side.
Ve + V0 = 2 I1' MG ( Z1MG + Z1T + kZ1L )



Ve
V
= Z1MG + Z1T + kZ1L − '0
'
2 I1MG
2 I1MG
− j 30

Ve * e
2 I1MG

= Z1MG + Z1T + kZ1L −

(3.17)
− j 30

V0 * e
2 I1MG
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Now, using equation (3.17), we can get 𝑍𝑎𝑏 in (3.18).
Z ab = Z1T + kZ1L −

V0 * e − j 30
2 I1MG

(3.18)

Ve
+

-

2(Z1MG + Z1T + k*Z1L)
I 1MG

V0

Figure 3.4

3.3.2

-

Reduced SLG fault sequence network for micrgrid side only

Design of the Proposed Distance Relay
As it can be seen from equation (3.18) above, 𝑉0 is required to correct the apparent

impedance seen by the distance relay on microgrid side. In this research, a residual-voltagecompensated method is proposed to resolve this issue. Figure 3.5shows our proposed protection
connection diagram in which an ungrounded microgrid system is connected to a grounded utility
system. In such protection system, a broken-delta high-voltage potential transformer (PT) used by
existing 59G relay can be readily connected to the distance relay on microgrid side to provide
signal to compensate the calculated impedance (3.18) such that a correct apparent impedance for
the SLG fault can be measured by the relay. It is promising that our method doesn’t need other
changes to the electrical wirings and hardware.
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Microgrid interconnection line protection single line diagram

Moreover, it is worth to mention that two factors should be considered for the proposed
impedance compensation: (1) 𝑉0 on the utility side should be converted to the microgrid side; and
(2) the angle of 𝑉0 needs to be shifted based on the interconnection transformer winding
connection. Equation (3.19) shows the apparent impedance for SLG faults with the impedance
compensations for the two commonly used transformer winding connections: YD1 and YD11.
Notice that the V0 angles are shifted 30°, 150°, and 270° for A, B, and C phases, respectively when
the interconnection transformer is connected as YD1, while -30°, 90° and 210° are for A, B, and
C phases, respectively, if considering YD11 connection. Equation (3.19a) summarizes the
proposed apparent impedances calculations (𝑍𝑎𝑔 ,𝑍𝑏𝑔 , and𝑍𝑐𝑔 ) for YD1 transformer connection
while equation (3.19b) is for YD11 transformer connection.
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Z ag =

Vc − Va V0 * e j 30
+
Ic − Ia
2 I1MG

Z bg =

Va − Vb V0 * e j150
+
I a − Ib
2 I1MG

Z cg =

Vb − Vc V0 * e j 270
+
Ib − Ic
2 I1MG

Z ag =

Va − Vb V0 * e − j 30
+
I a − Ib
2 I1MG

Z bg =

Vb − Vc V0 * e j 90
+
Ib − Ic
2 I1MG

Z cg =

Vc − Va V0 * e j 210
+
Ic − Ia
2 I1MG

(3.19a)

(3.19b)

The block diagram shown in Figure 3.6 is used to implement our proposed distance relay,
which consists of five major modules: phasor calculation module, impedance compensation
module, angle shift module, impedance calculation module, as well as fault detection module.
The phasor calculation module calculates the digitized phasor values from the analogue CTs and
PTs using sampling and digitalization techniques. The impedance compensation module uses the
zero-sequence voltage 𝑉0 at the utility-side and positive-sequence current 𝐼1𝑀𝐺 at the microgrid
side to calculate the magnitude compensation. The angle shift module functions to shift the angle
of 𝑉0 based on the interconnection transformer winding connection. The impedance calculation
module uses formulations to calculate fault impedances based on transformer connection
(equation (3.3) for the detection of three-phase and double phase fault and equation (3.19) for
phase-to-ground fault). The fault detection module composed of typical distance operation
characteristics (e.g. MHO and Quad.) is applied to detect a fault.

35

`
Phasor
Calculation

Impedance
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Fault Detection
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AB Fault

Zbc

BC Fault

Zca

CA Fault
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IC
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Impedance
Compensation

V0
I1MG

V0
2I1MG

Zc_c

Transformer
connection

Figure 3.6

3.4

Angle
Shift

Block diagram of distance relay with residual voltage compensation

Case Studies
To validate the proposed distance relay method for protecting the ungrounded microgrid

interconnection line under different fault scenarios, various cases will be simulated and analyzed
in this section using ASPEN and PSCAD software tools.
3.4.1

Short Circuit Study and Fault Impedance Calculation
In this subsection, the system shown in Figure 3.5 is modeled in ASPEN, which consists

of one utility equivalent 34.5kV source, one 34.5kV overhead interconnection line, one 15MVA
and 13.2/34.5kV YD11 interconnection transformer, and one microgrid equivalent 13.2kV
generator. Their positive-, negative- and zero- sequence impedances are listed in Table 3.1. In
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this study, three A-phase SLG faults are simulated at F1 (0%), F2(50%) and F3 (100%) of the
interconnection line. Table 3.2 shows the measured phase voltages/currents and the apparent
impedances for the faults at the relay location using equation (3.2), as well as the zero-sequence
voltage detected from the utility side of interconnection transformer. As it can be observed that
the magnitude of 𝑉0 decreases from 15,340V to 6,302V when the SLG fault moves away from the
relay (0% to 100%). As we mentioned in section 3.2.2, the varying 𝑉0 caused a tough issue when
using the 59G method for SLG fault protection. If a setting of 59G is too low, it may mis-operate
for a fault outside the interconnection line and disconnect the ungrounded microgrid
unnecessarily, and if setting too high, then some faults on the line may not be detected. If
slowing down the operation time of 59G, other adverse issues may arise to affect the autoreclosing of utility feeder breaker and coordination of microgrid generator protection relays.
Moreover, if using the existing distance equation (3.2), as shown in Table 3.2, the apparent
impedance for Phase A seen by the relay decreases from 5.9Ω to 2.9Ω when the SLG fault
moves away from the relay (0% to 100%). Absolutely, such observed apparent impedance values
are not in line with the concept of distance protection and cannot truly reflect the fault locations.
Table 3.1

Sequence impedance of power elements

Seq. Imped.

34.5kV
Utility Equiv. (ZSys)

Z1 (Ω)
Z2 (Ω)
Z0 (Ω)

2.79∠87.1°
2.79∠87.1°
2.10∠87.7°

34.5kV Inter.
Line (ZL)
6.32∠73.3°
6.32∠73.3°
27.04∠80.5°
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Inter. Transf. at
13.2kV (ZT)
0.77∠86.4°
0.77∠86.4°
0.77∠86.4°

13.2kV
Microgrid Equiv.
(ZMG)
1.08∠87.1°
1.08∠85.4°
5956.89∠-6.9°

`
Table 3.2
Fault
Location
0%
(F1)

50%
(F2)

100%
(F3)

Interconnection line A-phase fault values seen at relay location
Units

Phase A

V (V)
I (A)
Z (Ω)
V0(V)
V (V)
I (A)
Z (Ω)
V0 (V)
V (V)
I (A)
Z (Ω)
V0 (V)

7092.7∠-64.4°
999.2∠-116.5°
5.9∠86.4°
7055.3∠-65.1°
1069.9∠-114.4°
5.4∠83.9°
6523.8∠-69.5°
1756∠-112.7°
2.9∠81.0°

Phase B
7081.1∠-175.7°
999.2∠63.5°
13.4∠150.5°
15340∠149.9°
6994.9∠-175.6°
1069.9∠65.6°
12.4∠148.6
13470∠150.2°
6342∠-172.6°
1756∠-67.3°
7.3∠149.6°
6302∠150.8°

Phase C
8002∠60.0°
0.0
13.4∠22.5°
8002∠60.0°
0.0
12.5∠20.0°
8002∠60.0°
0.0
7.5∠15.2°

Further, 3LG, 2LG, 2L, and SLG faults are simulated by creating faults at 50% of
interconnection line. The simulation results are listed in Table 3.3, including the measured phase
voltages and currents at the relay location, and the apparent impedances calculated by using
different distance protection methods: traditional distance relay (eqs. (3.1) and (3.2)), distance
relay with current/voltage transformation (eqs. (3.1) and (3.3)), and our proposed distance relay
with residual voltage compensation (eqs. (3.3) and (3.19)). The target operation impedance can
be known using the model parameters in Table I as 𝑍1𝑇 + 50% ∗ 𝑍1𝐿 = 1.22𝛺∠81. 5𝑜 (seen
from 13.2kV side). Therefore, if the calculated apparent impedances at 13.2kV side match it,
then the faults can be correctly detected by the corresponding distance relay (see highlights in
Table III). As it can be observed that the traditional distance relay only works well for 3LG faults
and the distance relay with current/voltage transformation properly responses to 3LG/2LG/2L
faults. However, none of existing distance relay methods work for SLG faults. Our proposed
distance relay method can correctly detect not only 3LG/2LG/2L faults using equation (3.3) but
also challenging SLG faults based on equation (3.19), meanwhile exactly identify their faulty
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phases as the calculated apparent impedance equals the target operation impedance. The above
comparisons clearly justify that our proposed distance relay method can provide a successful
fault protection for the ungrounded microgrid interconnection line.
Table 3.3

Apparent impedances calculated using different distance protection methods

A

4250.6∠-62.6°

3478.0∠-144.1°

Zab

1.22∠81.5°

Distance Relay
with
Current/Voltage
Transformation
(Ω)
1.22∠81.5°

3LG

B
C
A

4250.6∠177.4°
4250.6∠57.4°
6784.8∠-48.4°

3478.0∠95.9°
3478.0∠-24.1°
1779.8∠167.7°

Zbc
Zca
Zab

1.22∠81.5°
1.22∠81.5°
17.9∠84.4°

1.22∠81.5°
1.22∠81.5°
3.9∠23.6°

1.22∠81.5°
1.22∠81.5°
4.3∠10.9°

2LG (BC-G)

B
C

6959.9∠167.6°
4250.6∠57.4°

1773.9∠144.1°
3478.0∠-24.1°

Zbc
Zca

1.8∠41.0°
1.7∠124.4°

1.22∠81.5°
3.8∠143.9°

1.22∠81.5°
4.2∠155.7°

2L
(B-C)

A
B
C

7154.6∠-47.3°
7341.3∠166.8°
4250.6∠57.4°

1739.0∠155.9°
1739.0∠155.9°
3478.0∠-24.1°

Zab
Zbc
Zca

326574∠-65.9°
1.8∠35.5°
1.8∠130.3°

4.2∠10.9°
1.22∠81.5°
4.1∠156.8°

4.3∠10.9°
1.22∠81.5°
4.2∠155.7°

SLG
(A-G)

A
B
C

7055.3∠-65.1°
6994.9∠-175.6°
8002.0∠60.0°

1069.9∠-114.4
1069.9∠65.6°
0.0

Zag
Zbg
Zcg

5.4∠83.9°
12.4∠148.6°
12.5∠20.0°

6.5∠118.8°
3016294∠-65.6°
6.6∠49.4°

1.22∠81.5°
11.2∠168.2°
11.3∠0.6°

Fault Type
(50% of line)

Phase

Voltage at Relay
Location
(V)

Current at Relay
Location
(A)

Apparent
Imped.

Typical
Distance Relay
(Ω)

15MVA
13.2/34.5 kV

Microgrid

CB1
G1

Y

A

CBT

CB0

Δ

V

A

A

V

V

Distance Relay
with Residual
Voltage
Compensation
(Ω)
1.22∠81.5°

Utility Grid
G0

34.5kV
VMa,VMb,VMc

G2

13.2kV

Figure 3.7

3.4.2

IMa,IMb,IMc

Existing
Relay(21)

3V0
VSa ,VSb ,VSc

Proposed
Relay (21)

Timed
Fault
Logic

ISa ,ISb ,ISc
Overcurrent
Relay (50/51)

PSCAD network model for the system under study

Distance Relay Model and Simulation
In this subsection, the performance and transient response of our proposed distance

protection method will be validated in a PSCAD model in Figure 3.7. The studied model
includes two 13.2kV high impedance grounded DGs, one 34.5kV utility system source, one
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15MVA and 13.2/34.5kV YD1 interconnection transformer with the impedance of 𝑍𝑇 =
0.77𝛺∠86. 4𝑜 at 13.2kV, and one 40kM overhead 34.5kV interconnection line with the
impedance of 𝑍𝐿 = 16.76𝛺∠85. 2𝑜 at 34.5kV (equivalent 2.45𝛺∠85. 2𝑜 at 13.2kV). In order to
simulate the fault location, the interconnection line is modelled with Line 1 and Line 2 in series.
The fault location can be changed by adjusting the length of Line 1 and Line 2, accordingly.
Three-phase current (𝐼𝑀𝑎 ,𝐼𝑀𝑏 ,𝐼𝑀𝑐 ) and voltage (𝑉𝑀𝑎 ,𝑉𝑀𝑏 ,𝑉𝑀𝑐 ) signals from the microgrid side
and the residual voltage signal (𝑉0 ) from the utility side of the interconnection transformer are
connected to an existing distance relay-21 and/or our designed distance relay-21 looking over the
interconnection line through the transformer. An overcurrent relay-50/51 is used to detect the
interconnection line fault from the utility side. MHO characteristics can be used to determine the
operation zone for a distance protection. The setting of MHO is calculated as 85% of the line
impedance as the distance relay settings are typically set to 80-90% of the line impedance for
Zone1 (while 120%-130% for Zone 2) [16], [18]. Since the transformer is included in the
protection Zone 1, the actual MHO impedance reach is set as 𝑍1𝑇 + 85% ∗ 𝑍1𝐿 =
2.86𝛺∠85. 5𝑜 at 13.2kV. If the apparent impedance for the fault falls inside the MHO
characteristics, the relay will claim a within-zone fault and operate to clear the fault. For a SLG
fault (A-phase fault at 0.1s) happened at 75% percent of the interconnection line, the fault
currents and voltages at both utility system and microgrid sides, the relay trip signals, as well as
the corresponding apparent impedance trajectory diagrams are shown in Figure 3.8 and Figure
3.9, respectively, for the distance protection without residual voltage compensation (eq. (3.2)),
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while those information for the distance protection with residual voltage compensation (eq. (19))
are shown in Figure 3.10 and Figure 3.11, respectively.
As we can see from Figure 3.8 and 3.9, the SLG fault on the 34.5kV side is seen as
phase-phase fault (𝐼𝑀𝑎 and 𝐼𝑀𝑐 are almost equal in magnitude but in reverse direction, nearly
zero 𝐼𝑀𝑏 ) on the microgrid side and the apparent impedance 𝑍𝑎𝑔 calculated by the distance
protection without residual voltage compensation is far away from the MHO circle, therefore the
distance relay at microgrid side fails to trip CB1. Also, it can be observed that utility-side
overcurrent relay detects much larger fault current to trigger the relay at 0.32s and open CB0 at
0.35s, but its phase voltages 𝑉𝑆𝑏 and 𝑉𝑆𝑐 almost reach to the phase-phase voltage (34.5kV) as the
fault is not completely cleared and the whole interconnection line becomes ungrounded due to
the non-operation of the microgrid-side distance relay. However, using our proposed distance
protection with residual voltage compensation, Figure 3.10 and 3.11 shows the distance relay
operates correctly with 𝑍𝑎𝑔 inside the MHO circle and the A-phase SLG fault can be detected
and cleared with the relay tripping at 0.11s and the microgrid-side CB1 opening at 0.15s.
Meanwhile, the utility-side relay can see a large fault current and send a trip signal at 0.32s and
open CB0 at 0.35s. As a result, the utility-side phase voltages 𝑉𝑆𝑏 and 𝑉𝑆𝑐 only reach the phasephase voltage (34.5kV) for about a cycle and then decays to zero after the fault is completely
cleared.
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Furthermore, Table V summarizes the simulation results of multiple SLG faults along the
interconnection line (at 0%, 25%, 50%, 75%, and 100% of the interconnection line). The target
fault impedances 𝑍1𝑇 + 𝑘 ∗ 𝑍1𝐿 and the corresponding values observed by the distance relay
with/without residual voltage compensation are listed in Table V. It can be observed that the
proposed relay operated correctly for all fault locations above. Cases 0%, 25%, 50% and 75%
are in-zone faults (tripped CB1), and case 100% is out-of-zone fault (non-trip). Once again, the
relative errors clearly concluded that the proposed distance protection method follows the target
operation impedance perfectly while the other method totally fails.
Table 3.4

Apparent impedances (Ω) comparison using distance protection with/without
residual voltage compensation

Fault
Location

Target Fault
Imped.

Non-Compensated
Fault Imped.

Rel. Err.

Compensated
Fault Imped.

Rel. Err.

0%
25%
50%
75%
100%

0.770∠86.4°
1.383∠85.9°
1.997∠85.6°
2.610∠85.5°
3.224∠85.5°

13.190∠75.3°
13.374∠75.9°
13.294∠76.7°
12.362∠78.5°
6.323∠87.1°

1613%
867%
566%
374%
96%

0.761∠86.8°
1.376∠86.5°
1.986∠86.3°
2.582∠86.3°
3.207∠86.3°

1.11%
0.54%
0.57%
1.08%
0.53%

It is also easy to know the presence of fault resistance and pre-fault power flow will add
one impedance into the circuit in Figure 3.3 as well as equation (3.17), and consequently introduces
an error in the apparent impedance calculation (3.18) by the distance relay. Traditionally, for better
detecting the SLG fault with grounding resistance, a distance relay with Quad. characteristics is
recommended considering the variation of fault resistance [42]. Figure 3.12 shows a SLG fault
with a grounding resistance of 10Ω at 75% of interconnection line. It can be observed that the
apparent impedance seen by the distance relay includes an error due to the fault resistance, and the
distance relay with MHO characteristics may under-reach. However, the Quad. characteristics
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solve this problem by shaping the trip zone of the distance relay to extend the coverage along the
resistance (R) axis. Researches have been conducted to reduce the effect of fault resistance and
per-fault

power

flow

on

apparent

impedance

measurements

using

compensation

methods[43][44][45].
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-20.0
-20.0

Figure 3.12
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Impedance diagram for a A-phase SLG fault 10Ω fault resistance at 75% of
interconnection line (distance relay with residual voltage compensation)
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3.5

Summary
Protection of an ungrounded microgrid at the POI is a challenging task. This chapter

presented an enhanced distance protection method with residual voltage compensation for
protecting the ungrounded microgrid interconnection line against all fault types. Particularly, our
proposed distance protection method can successfully detect the SLG faults on the
interconnection line while the existing POI protection methods are not accurate or fast enough to
detect that. Our designed distance relay located at microgrid side enables detection and location
of all faults such that the ungrounded microgrid can be quickly isolated from the utility grid via
operation of the POI breaker. It is also economical as it can be implemented in the existing
distance relay platform without any hardware upgrades. Together with other protection
functions, our proposed method can provide effective POI protection against dangerous
overvoltage, reduce arcing condition, increase the possibility of seamless islanding, and
consequently improve the reliability and resilience of microgrid.
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CHAPTER IV
PMU BASED BUSBAR PROTECTION FOR DISTRIBUTION SUBSTATION AND
MICROGRID
4.1

Introduction
The bus differential protection is one of the most important protection functions in the

power system substation. The principle is based on the direct application of Kirchhoff's first law.
The damage resulting from one uncleared fault, because of the concentration of high fault MVA,
may be very extensive, up to the complete loss of the station and a potential large area blackout.
Serious damage or destruction of the installation would probably result in a widespread and
prolonged supply interruption. IEEE C37.234 bus protection guide [46][47] presented the bus
configurations, zone of protection, types of bus protection and considerations for busbar scheme
selection. The application considerations presented in this guide help protection engineers select
a proper scheme to meet the requirements of security, dependability, and speed of operation [47].
In this study, the current methods of protecting the substation buabar are review first.
Then the proposed use of synchrophasor data for bus differential protection is studied in detail.
This study differentiates itself from the previous study of using synchrophasor to transmission
line protection by considering the complexity associated with the busbar protection such as
directional comparison and CT failure or saturation detection algorithms. The bus differential
relay is modeled using Matlab. RTDS is used to create the internal and external faults for the
inputs of PMUs. The phasor data is streamed to the Phasor Data Concentrator (PDC) where the
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time-aligned phasor data is collected and recorded. The recorded phasor data is then extracted
from the PDC and imported to the Matlab differential relay to test for the performance.

The advantages of using synchrophasor technology to protect the substation bus as
compared to traditionally low-impedance or high impedance bus protection are:
•

No additional current transformers (CTs) and hard wiring are required. Many protection
relays now include the PMU function. Feeder relays can, therefore, provide the
synchrophasor data using the existing CTs of the feeder protection.

•

Expansion is easy. The current low-impedance bus protection relay is limited by the
Digital Signal Processing (DSP) modules in one chassis. Therefore, the number of
feeders in one bus protection device is limited to a fixed number (e.g. 24). Using
synchrophasor technology, however, it is limited mainly by the PDC’s processing power.
Typically, a PDC can process hundreds of PMUs. Adding an additional feeder becomes
simple setting changes in the PDC and PMU.

•

Low cost and easy configuration. Since no CT and hardwiring are required, the
installation cost can be significantly reduced.
The syschrophasor based busbar protection is especially useful for the power distribution

stations, which usually have large amount of distribution feeders on each station bus. Under this
case, the protection tripping speed is not as critical as transmission system and the installation of
CTs and protective relays just for busbar differential protection is not economical.
4.2

Busbar Protection
Currently there are several types of bus differential protection used by utilities to protect

the substation buses. A comparison of pros and cons between high impedance and low
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impedance bus differential protection the selection criteria are presented in detail [48][49]. A
advanced selection of differential zones for busbar protection is presented in [50].The section
introduces the fundamental principle, concepts and implementation aspects of existing busbar
protection methods.

4.2.1

High Impedance Differential Protection
It is also known as the unbiased differential protection. It uses an overcurrent relay in

series with a stabilizing resistor (Figure 4.1). During an internal fault, the fault current through
could cause a very high voltage surge and a metal oxide varistor (MOV) is required to limit the
voltage. The setting of a high impedance differential relay is very simple except that it requires
the identical CT ratios and characteristics [51]. It needs to consider the CT spill current during a
worst-case external fault to avoid false operation for an external fault. The minimum stable
voltage (𝑉𝑠 ) can be calculated under such condition where the fault current will flow mostly
through the saturated CT.

VS = ( Rct + Rlead )  I f _ sec

(4.1)

where:
Rct is the CT secondary winding resistance.
Plead is the lead resistance under worst case.
If_sec is the maximum external fault current.
The differential operation setting (𝐼𝑂𝑃 ) should be set higher than the current flowing to
the differential relay circuit under this voltage. To ensure reliable operation with internal faults,
the knee-point voltage of the current transformers used in the scheme must be about two times
the set pickup voltage (𝑉𝑠 ).
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I op = K 

Vs
Rs

(4.2)

where:
K is the safety factor with a typical setting of 1.5-2.

Figure 4.1

High impedance differential protection example

Since the setup of high impedance differential protection is closely related with the CT
selected. The detailed study of CT saturation is required such that the Rs and MOV can be
properly selected and pickup setting calculated to make sure the protection can operate
dependably and securely. To study the CT performance, IEEE PSRC created a spreadsheet
50

calculator to study the CT saturation under different fault conditions in 2003 [52]. A tutorial on
studying the differences between symmetrical and asymmetrical saturation and how remanence
accumulates in the core of a CT and its affect to protection relay operation was presented by A.
Hargrave at TEXAS A&M CPRE in 2018 [53].
4.2.2

Low Impedance Differential Protection
Figure 4.2 shows the double-bus differential protection using a dedicated modern

multifunctional micro-processor relay. This relay provides three zones of protection that can be
used to protect the double-bus configuration. Z1 B87 is to protect bus 1. Z2 B87 is used to
protect bus 2. Z3 B87 is the reliable check zone.
The operational characteristic of each zone is the same biased differential dual-slope as
shown in [54][55]. The relay will calculate the differential current (𝐼𝑑 ) and restraint current (𝐼𝑟 )
and make an operational decision by comparing with the characteristic curve. The restrain
current calculation varies with relay types and relay manufacturers. Typically, 𝐼𝑑 and 𝐼𝑟 can be
calculated using formulas (4.3) and (4.4).

I d = I1 + I 2 + ... + I n

(4.3)

I r = I1 + I 2 + ... + I n or Max( I1 , I 2 ,..., I n )

(4.4)

where:
𝐼1 to 𝐼𝑛 are the feeder current corresponding to the protected bus.
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Figure 4.2

An example of low impedance bus differential protection

Figure 4.3

Low impedance bus differential protection characteristics

The operational characteristic has the pickup, low slope, low breaking point, high slope
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and high breaking point. The low slope is sensitive so that the relay can operate for high
impedance internal faults, while the high slope is desensitized to avoid misoperations caused by
CT saturation due to an external fault. Since the misoperation of busbar protection could cause a
regional blackout and interruption of power supply to a large number of customers, it typically
uses an additional security check algorithm such as a check zone, CT saturation detection,
direction comparison, etc.[56].
The biased low impedance differential protection can be realized through different
schemes. Some vendors provide a phase segregated differential solution while others may
contain the central units and peripheral units. IEC61850 provides a new methodology which
contains the distributed Merging Units (MUs) and the centralized differential relays. The MUs
communicate with the differential relays via process bus.

4.2.3

Bus Blocking Scheme
The bus blocking signal is a hardwired DC signal or a digital signal from each feeder

protection relays (IED2-IED4) associated with the protected bus as shown in Figure 4.4.
Whenever the feeder protection trips, it will send a bus blocking signal to the bus protection
relay (IED1) so that the bus phase and ground instantaneous overcurrent elements will be
blocked to allow the feeder protection to clear the fault first. With this bus blocking signal
received, the bus phase and ground instantaneous overcurrent protection will not operate for
feeder faults during the blocking time. However, if there is a bus fault, the feeder relay will not
see the fault thus no bus blocking signal will be sent, and the bus phase and ground instantaneous
overcurrent protection will operate after a 3-5 cycle wait time.
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Figure 4.4

4.2.4

An example of bus blocking scheme for substation bus protection

Comparison of the Busbar Protection Methods
Comparing with the available methods above, the proposed PMU based busbar protection

has many advantages on engineering design, installation and maintenance. It can be observed
from Table 4.1 and 0 that the proposed method has lower cost on equipment price, engineering,
installation and maintenance and relatively fast performance.
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Table 4.1

Index

1

2

3
4

Equipment cost comparison of different busbar protections with 12 feeders
Equipment Cost

Protection
Type

Equipment
Quantity Sample Device
List Price
Type
Protection
1
Devices
SEL-587Z
$4,080
High
Impedance
GE JCM5
36
CT
1200:5
36x$5000=$180,000
Protection
3
Devices
GE B90
3x$13000=$39,000
Low
Impedance
GE JCM5
36
CT
1200:5
36x$5000=$180,000
Bus
Protection
Blocking
1
GE F60
$7,200
Devices
Scheme
PMU
PDC
1
SEL-3555
$7,600
Based

Table 4.2

Total
Equipment Cost

$184,080

$219,000
S7,200
$7,600

Engineering, installation and maintenance cost comparison of different busbar
protections

Index

Protection
Type

Engineering
Cost

Installation
Cost

Maintenance
Cost

1

High
Impedance

High

High

High

Fast, does not use
communication, a lot of wiring
work, wires may get loose.

2

Low
Impedance

High

High

High

3

Bus Blocking
Scheme

Medium

Low

Low

4

PMU Based

Low

Low

Low

Fast, does not use
communication, a lot of wiring
work, wires may get loose.
Slow, rely on the
communication, must wait for
the blocking signal.
Relatively fast, rely on the
communication
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Performance

4.3

Proposed Bus Differential Protection using Synchrophasor
Synchrophasor data is provided by a PMU. According to IEEEC37.118.1-2011, a PMU is

a device that produces synchronized phasor and frequency estimates from voltage and/or current
signals and a time synchronizing signal. The phasors coming from different PMU devices are
synchronized to the same time source GPS. The concept of the synchronized phasor and
simulations of various system transient were discussed in Chapter 2. The Phasor Data
Concentrator (PDC) can collect the time-synchronized phasor data from multiple PMUs to
produce a time-aligned, combined output stream. This output stream can then be used by the
phasor bus differential protection device which can either be part of the PDC or a separate
device. The proposed bus protection using the PMUs is shown in Figure 4.5. Its modules are
introduced in the following subsections.
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Figure 4.5

4.3.1

Proposed bus differential protection using synchrophasor data

Phasor Data Concentration and Alignment
Data concentration and alignment is the basic function of the PDC. The PDC aggregates

and time-aligns synchrophasor data collected from multiple PMUs and forms several output
streams that can be used for local applications such as the bus differential protection, fault
57

location, or it can be sent to upper level PDCs for remote applications. The bus differential
protection uses one of the outputs from the substation PDC. Data coming into PDC is already
time stamped. The data concentration (or aggregation) with time alignment means that the PDC
waits for data with a given timestamp from all source PMUs. This means some wait-time is
required. However, for bus protection, the requirement is to detect and clear the faults as fast as
possible to make sure there is no damage or minimum damage to the power equipment and less
impact to the overall system. Below are the phasor data requirements:
1) P class data needs to be streamed from PMUs. The standard defines two classes of
performance P class and M class. P class is intended for applications requiring fast response
and mandates no explicit filtering. The letter P is used since protection applications require
fast response. M class is intended for applications that could be adversely affected by
aliased signals and do not require the fastest reporting speed. The letter M is used since
analytic measurements often require greater precision but do not require minimal reporting
delay.
2) The frame rate shall be at least 50f/s for a 50Hz system and 60f/s for 60Hz system. 120f/s
(60Hz system) was used for the testing in this study.
3) The communication network for PDC and PMU requires a high-speed internet LAN. It is
recommended to use a 100Mbps or above LAN network.
4) The PDC wait-time setting shall be set to no more than 100ms. It is expected that the bus
differential protection even as a backup protection should operate faster than 100ms. Any
phasor data arriving after 100ms will be treated as invalid data and will be discarded by
the PDC. Typically, in a substation environment, the PMU data can arrive at the PDC
within 20ms.
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4.3.2

Phasor Data Validation Check
The phasor data frame generated by the PMU contains a STAT flag that has the complete

status for the data generated by the PMU. The status bits shall be checked by the bus protection
device before using the phasor data. If some phasor data received is not valid or the clock is
unlocked, phasor data cannot be used for bus protection, device operation should be blocked, and
an alarm should be generated. For synchrophasor data used for bus protection, the Bit 15 (0 when
PMU data is valid; 1 when invalid or PMU is in test mode) and Bit 13 (PMU sync, 0 when PMU
in sync) of the STAT bits are used for validation. If the PMU is invalid or the PMU is not
synched with a GPS clock, the bus protection algorithm will not operate, and alarms will be
triggered.
4.3.3

Directional Comparison
The synchronized angle data for each circuit can be used for the directional comparison

algorithm which is used to distinguish between internal and external faults (Figure 4.6). The
phasor reference angle is selected from all the PMUs connected to the same protection zone and
has the maximum current magnitude. For a low impedance fault condition on the bus, the fault
current shall flow into the bus from all generating resources. Therefore, all the phasor angles will
be within the internal fault zone compared with the reference phase angle. When an external fault
happens, at least one of the phasor angles shall be in the external fault region comparing with the
reference phasor angle. There are two other conditions to make sure it is operated securely:
1) The phasor with a magnitude of less than 0.1pu. is not considered in the phasor angle
comparison.
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2) The phasor angle comparison algorithm is only active when the restraint current exceeds
the larger of the high breaking point (BP2) and 0.2 setting where some CT may start to
saturate for an external fault. In case of a high impedance fault on the bus, the restraint
current Ir and the differential current Id are relatively small and can be operated without
phasor angle comparison. Whereas in case of high fault current external fault, the CT can
be saturated in addition to the higher slope settings at slope 2, the phasor comparison will
be able to discriminate the fault and operate securely.

Figure 4.6

Phasor angle comparison for fault detection

The accuracy error of CTs is seen as the bus differential current in a non-fault condition.
Therefore, the pickup of the differential current should be set above the combined CT errors
under normal operating conditions.
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4.3.4

Operational Characteristic
The operational characteristics can be the same as the traditional low impedance bus

differential protection. However, comparing with the differential current calculation,
synchrophasors provide phase angles for each circuit connected to the bus. Therefore, the
differential current (𝐼𝑑 ) is calculated using phasor vector values. The calculation of restraint
current (𝐼𝑟 ) is the same as the low impedance bus differential protection.

4.3.5

I d = I1 + I 2 + ... + I n

(4.5)

I r = I1 + I 2 + ... + I n

(4.6)

CT Trouble Circuit Detection
The correct operation of a bus differential protection relay depends on the accuracy and

continuous connection of CT circuit. In case of CT saturation, or CT broken or CT short circuit,
it may cause the differential current to be above the pickup level and therefore result in a false
operation [53]. The detection of an open or fault CT circuit and alarm to the maintenance staff
are important to secure the correct operation of bus differential protection.
With the receiving of the all branch synchrophasor data to the PDC, we can implement a
simple CT broken circuit detection inside the PDC together with the backup differential
protection function. The actual primary differential current (𝐼𝑑_𝑝 ) can be calculated with the
formula below:
n

n

n =1

n =1

I d _ p Ad =  I sn * CTRn An +  I err _ n An
= (Id

+ I err )Ad

where:
𝐼𝑠𝑛 is the magnitude of feeder N current phasor.
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(4.7)

∠𝐴𝑛 is the angle of feeder N current phasor.
∠𝐴𝑑 is the differential current phasor angle.
𝐶𝑇𝑅𝑛 is the CT ratio for feeder N.
𝐼𝑒𝑟𝑟_𝑛 is the measurement error for feeder N.
Under normal operation, the primary differential current 𝐼𝑑_𝑝 =0. Therefore, the
differential current (𝐼𝑑 ) seen by the relay under normal condition is caused by the CT
measurement error (𝐼𝑒𝑟𝑟 ).

I err = − I d

(4.8)

Suppose there is a CT fault or broken CT circuit in one of the input PMU k for the bus
section, then the differential current measured by the device will be much higher than the CT
error current. Let’s assume the worst condition, where the CT error is cause by the broken CT.
Therefore 𝐼𝑒𝑟𝑟(𝑡) = 0 to 𝐼𝑑(𝑡−1) .

I k (t ) = I k (t −1) − I k (t ) = I d (t ) + I err (t )

(4.9)

where:
𝐼𝑘(𝑡−1) ) is the PMU k phase current at last timestamp (t-1).
𝐼𝑘(𝑡) ) is the PMU k phase current at current timestamp (t).
Therefore, to detect the CT broken situation, the following three conditions must be met:
Condition 1: The sudden change of the current (𝛥𝐼𝑘(𝑡) ) on the broken CT circuit must
satisfy:

I k (t ) − I d (t )  I d (t −1) or

(4.10)

I d (t ) − I d (t −1)  I k (t )  I d (t −1) + I d (t )
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Condition 2: The CT circuit broken or fault can only be detected when the line is
energized, and the CT has the current that is above some limit. For this algorithm
testing, the default 0.09pu was used to detect the line energized condition. It is
recommended that this value is less than the differential pickup value. Combining
Condition 2 with Condition 1 above, it can be derived that

0.09p.u.  I k (t )  I d (t −1) + I d (t )

(4.11)

This condition will not report a CT failure due to a load flow change since the
differential current will be very small. The logic should be latched as long as the
measured current from the problem CT circuit is lower than a settable value of 0.05pu.
Condition 3: The current phasor angle also changes whenever there is a CT fault and
CT broken. The angle changes to zero for the phase where the CT circuit is broken.
Please note that the analysis is based on steady state load flow. The above two
conditions will not prevent a false alarm for a CT circuit broken and there are big flow
changes in other circuit or fault conditions at the same time. In order to prevent this
mis-operation, the third condition is used to check and secure the alarm signal. The
phasor angle of the PMU k with a broken CT (𝐴𝑘(𝑡) ) must be close to zero degrees.
Figure 4.7 shows the bus differential operation logic using PMU data.

Ak (t )  5 degree

(4.12)
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Figure 4.7

4.4

Bus differential operation logic using synchrophasor data

Algorithm Testing
The algorithm was tested using the setup in Figure 4.8. RTDS was used to simulate

different bus fault scenarios including internal and external single phase, double phase and three
phase solid resistive faults. PMU1 to PMU3 were setup to stream 120f/s P class data with the
phasors (𝐼𝑎 , 𝐼𝑏 , 𝐼𝑐 ). In addition to the fault types and fault resistance, there were other variations
on the fault simulations:
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The simulated internal fault (F1) was located on the 138 kV bus. The external fault was
located on 138kV line (F2). The fault inception angle was set to 0º or 90º. The fault duration
was set to 0.2 – 0.4 seconds, depending on the fault location and fault type.

Figure 4.8

4.4.1

RTDS single line diagram for algorithm testing

Internal Fault Testing
The solid phase-A-ground fault was simulated at location F1. Figure 4.9 and Figure 4.10

show the phase A phasor magnitude and phasor angle from PMU1, PMU2 and PMU3. Figures
4.11 - 4.13 calculated differential current and restraint current for Phase A, B and C. Phase A has
a significant differential current. Therefore, the relay was successfully operated and indicated a
phase A fault happened with a timestamp of 13':17.824". Since this was an internal fault, the
phase A angle of PMU1and PMU2 reverted to the same direction as PMU3.
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Figure 4.9

Internal fault - phasor magnitude from incoming and outgoing lines of the bus

Figure 4.10

Internal fault - phasor angle from incoming and outgoing lines of the bus
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Figure 4.11

Internal fault - differential current calculated from the phasor measurement

Figure 4.12

Internal fault - restrain current calculated from the phasor measurement
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Figure 4.13
4.4.2

Calculated differential and restraint current (internal fault)

External Fault Testing
An external fault was simulated by creating a fault at F2 without CT saturation. Figure 4.14

and Figure 4.15 show the phase A magnitude and angle from PMU1-3. Figures 4.16 - 4.18
calculated differential current and restraint current for Phase A, B and C. Since the restraint current
was much higher than the differential current, it did not operate in this case.

Figure 4.14

External fault - phasor magnitude from incoming and outgoing lines of the bus
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Figure 4.15

External fault - phasor angle from incoming and outgoing lines of the bus

Figure 4.16

External fault - differential current calculated from the phasor measurement
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Figure 4.17

External fault - restrain current calculated from the phasor measurement

Figure 4.18

Calculated differential/restraint current (external fault)

4.4.3

External Fault Testing with CT Saturation
Figure 4.19 shows a solid phase A to ground external fault at F2 created by the RTDS on

the 138kV line. Figure 4.20 and Figure 4.21 show the phase A magnitude and angle from PMU1-
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3. It can be seen that the CT source for PMU 3 saturated due to the heavy fault current. The
differential relay would operate if it was not blocked by the directional comparison (Figure 4.22).

Figure 4.19

RTDs solid phase A to ground fault

Figure 4.20

External fault CT saturation- phasor magnitude
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Figure 4.21

External fault CT saturation- phasor angle

Figure 4.22

Calculated differential/restraint current and block signal (external fault with CT
saturation)
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4.5

Summary
The testing results show that the proposed bus differential protection scheme using real-

time synchrophasor data can be used to realize relatively fast and reliable bus protection with the
directional comparison and CT trouble detection algorithm. It can be used as a backup protection
for the traditional bus differential relays or installed as an independent bus differential protection
device especially when the number of circuits is large, and the use of the traditional bus
protection may not be economical or even practical. This is often the case for some large subtransmission or regional distribution substations. This protection scheme can be implemented
inside a PDC, which has also been already used by other wide-area protection and control system
[57] - [59] or an independent bus protection relay that can subscribe to the streamed
synchrophasor data via IEC61850-90-5 [60]-[62] or IEEE C37.118.2 over high-speed Ethernet
networks.
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CHAPTER V
ADAPTIVE PROTECTION FOR OVER-CURRENT COORDINATION OF MICROGRID
NETWORK
5.1

Introduction
For the past decades, the penetration of renewable energy resources has been on a steady

rise in the world. Microgrids have the capability to integrate these energy resources and offer
energy and reliability services to remote areas and/or (critical) customer loads connected to the
utilities’ distribution systems. In addition, due to the decentralized architecture, microgrids can
reduce the transmission and distribution losses and provide enhanced control flexibility to critical
sectors. Further, microgrids help the transition from expensive fossil-fuel-based generation to
clean and sustainable energy resources such as solar Photovoltaic (PV) systems and energy
storage systems.
Protection of electric distribution networks is primarily achieved using non-directional
overcurrent protective devices such as relays, reclosers, sectionalizers, and fuses. The main
assumption in the design of distribution protection systems is the unidirectional flow of power,
which enables straightforward coordination of protective devices via proper selection of timecurrent protection curves and settings with a CTI of 0.3-0.5s [63]. In addition, protection systems
are typically designed for worst-case scenarios and validated under minimum and maximum
fault currents in the protection zone to manage the impacts of expected changes in the system.
However, this conservative approach will not be effective for microgrid systems with constant
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changes in operating conditions such as operating mode, topology, DER status (off-line vs online), DER power output, DER control mode, etc. These changes cause the fault current
magnitude, direction, and characteristics of a microgrid to vary constantly [64][65].
A microgrid usually connects to a central grid at the Point of Interconnection (POI) and
operate in the grid-connected mode. In case of expected/unexpected power outages caused by
faults or extreme weather conditions, the microgrid can isolate from the main grid (either
automatically or manually) and operate in the islanded mode. Operation as an island causes the
short-circuit current level of the microgrid to drop significantly compared to the grid-connected
mode. The main protection challenges associated with microgrids are listed below:
•

Bidirectional fault current, leading to mis-operation of non-directional overcurrent
relays;

•

Varying fault current level;

•

Protection coordination under various system topology and load/generation levels
(e.g., change in protection zone due to circuit reconfiguration);

•

Protection of the POI to enable seamless transition to the islanded, if needed
(islanding); and

•

Seamless transition from the islanded mode to the grid-connected mode
(resynchronization)

Standards have been published to guide engineers to design and testing the microgrid
control system [66][67]. A lot of studies have been conducted on the impact of invertor-based
distributed generations and their controllers to short circuit currents and proposed some strategies
to the protection of microgrids [68][69]. An adaptive protection schemes on the unit level of
invertor controller is studied under voltage and current control modes [70]. To address the
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challenges associated with microgrid protection, either partially or in whole, several solutions
have been proposed/implemented in system level [69], which can be of two types: (i) customized
logic-based solutions and (ii) communication-based solutions. Adaptive protection is one of the
elegant methods proposed for microgrid protection. Moreover, the protective relays in the power
industry have evolved from single-function electro-mechanical relays to modern digital relays
that offer multiple protective functions, communication capabilities, self-diagnosis, data
recording and automated event analysis. In particular, the advanced communication technologies
have enabled high performance peer-to-peer communications amongst protection relays as well
as communications to a central controller. This study demonstrates how these features can be
utilized to design an effective protection scheme for a microgrid with high penetration of
renewable resources and various operating modes/conditions.
5.2
5.2.1

Adaptive Protection Systems: Design and Implementation
Definition
An Adaptive Protection System (APS) is defined as a near-real-time activity that

modifies the protection system response to a (expected) change in system configuration and/or
operating condition in a timely manner by means of externally generated signals [71]. An
overview of adaptive protection and its overall structure is presented in [72]. While previous
studies have proved that APS is an effective method to resolve the challenges in transmission
relaying [71][73] and distribution protection system [74][75], the study in this dissertation
focuses on the design and implementation of the APS with enhanced protection coordination in
the distribution system with microgrids. The protection response modifications can include
protection setting group(s), setting value(s), and/or protection functions, however, this study will
only focus on switching to the appropriate protection setting groups and switching sequences.
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5.2.2

Design and Implementation
The proposed protection solution consists of two stages, namely, enhanced protection

coordination and centralized protection setting adjustment.
5.2.2.1

Enhanced Protection Coordination – Communication-Based Blocking Scheme
To enhance protection coordination for microgrid overcurrent (OC) devices, a blocking

scheme can be implemented using peer-to-peer communications (in this case, IEC61850 GOOSE
messages) amongst relays. The scheme adjusts the OC operating time of an upstream relay (by
adding 0.3-sec delay) when the relay receives a blocking signal from its downstream relay (see
Figure 5.1). This enables several OC devices to be coordinated with smaller coordination time
interval (e.g., 0.1sec); this is because the upstream relay will operate with (0.3-sec) delay when a
fault is seen by the downstream relay. Figure 5.2 shows the logic diagram for 51-2 device in
Figure 5.1.

GOOSE Blocking, delay trip by 0.3s when received

51-1

51-2

51-3

51-4

13.2kV

Figure 5.1

CB1

CB2

CB3

G

System
Equivalent
(34.5kV)

Enhanced protection coordination – blocking scheme
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CB4

IEC61850 GOOSE OUT
51-2 Block
(To upstream relays)
51-2 OP

51-2 Pickup

AND

OR

Timer

IEC61850 GOOSE IN
51-3 Block
51-4 Block

Figure 5.2

5.2.2.2

Trip

PK
0.3s
AND
OR

Drop
0s

Blocking scheme logic diagram using GOOSE messages

Substation-Centric Protection Setting Adjustment
The application of APS for a distribution system have been studied in different methods

[76]-[79]. In general, there are two different methods to implement protection setting changes in
an APS: (i) offline setting calculations (pre-calculated method) and (ii) online setting
calculations (active method). This study focuses on the first method and its implementation,
which is based on pre-calculated protection setting groups and real-time system monitoring and
matching. The processes, sequence of actions, and data flow to implement this solution for
microgrids will be described in this section.
The microgrid control system continuously monitors the microgrid topology and updates
the system operating mode/configuration status by analysing real-time system information such
as switch/breaker status (ON/OFF) and DER status (online/offline); the microgrid controller is
also monitoring and supervising active protection setting groups of various Intelligent Electronic
Devices (IEDs). As such, when a change in the operating mode or system configuration is
detected/expected, the microgrid controller evaluates whether the existing protection is adequate.
If it is not, the IEDs that require protection setting change will be identified, and proper setting
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group setpoints are issued to them. Further, the proper sequencing order is determined. Figure
5.3 shows the sequence diagram for an APS (offline setting calculation). It should be noted that
complete protection coordination may not be achieved for all system conditions; thus, it is
important to specify ‘adequate protection’ for a microgrid project in line with the project
requirements and/or operating strategy.
Based on the above discussions, the adaptive relaying scheme consists of three major
stages:
1) Offline Analysis: Meaningful microgrid configurations are identified, and protection
studies are performed to calculate relay settings for those configurations/topologies. The
microgrid configurations and corresponding protection settings are arranged in a lookup
table.
2) Online Matching: The microgrid configuration is continuously monitored via the state of
switching devices. Once a change is detected, proper relay settings for new topology are
selected from the lookup table along with assigned sequencing order. If the new topology
is not defined as a meaningful configuration, the relay settings will remain intact.
3) Activate Setting Group: Setting group change commands are transmitted to corresponding
IEDs through a reliable communication medium, and the change confirmation is
received.
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Start

Process real-time info
form the microgrid

Has system
topology/condition
changed?

No

Planned
topology
changes?

No

Yes

Yes

Is existing
protection
adequate?

Yes

No change in the
protection setting
groups

No

Identify the IEDs whose
protection setting group
should change

Determine switching
sequence, if applicable,
and deploy corresponding
protection setting groups

IEDs confirmed
setting change?

Yes

No

Figure 5.3

Update the
system status
Create a
related alarm

High-level flowchart of an APS (pre-calculated protection settings)

80

5.2.3

Design and Implementation Considerations
Some of the main considerations in the design and implementation of an APS are as

follows:
•

The effectiveness of the APS can be impacted by fuses, electromechanical relays, and
solid-state relays that do not provide flexible protection settings/characteristics.

•

The use of a reliable communication medium (PLC, fiber, etc.) and a standard
communication protocol (DNP3, IEC6185, etc.) is essential for the development of an APS.

•

Dependency on the communication system and central processor may necessitate
redundancy.

•

Due to bidirectional power flows in microgrids, using directional elements is essential.
Thus, protection coordination should be done for forward and reverse directions, with
relays supporting different settings for both directions.

•

The lookup table should be updated when a new system configuration is allowed; it is
important to conduct protection studies for all the permitted configurations.

•

The APS function should coordinate with other distribution automation functions in place
(e.g., service restoration and/or load transfer applications).

5.3

Case Studies
Figure 5.4 shows a simplified single-line diagram of a utility microgrid. As can be seen in

this figure, the microgrid consists of two 12kV feeders that are tied to each other through a
Normally Open (NO) tie breaker. The microgrid is also interconnected with the main utility grid
at a POI via a 69kV/12kV transformer bank. When the utility grid is lost, e.g., due to an external
fault, the microgrid can operate in the islanded mode and supply the load on both feeders (POI
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breaker is open). The microgrid controller, as the brain of the system, will monitor the system
condition including loss of utility and reconfigure the network as needed.
5.3.1

Short Circuit Analysis
Short-circuit and protection studies were performed for possible microgrid

configurations, using the ASPEN OneLiner [80]. Table 5.1 lists the allowable configurations for
the microgrid of Figure 5.4, which are defined based on the status of major switching devices.
Table 5.2 provides microgrid three-phase-to-ground (3LG) and single-line-to-ground (SLG)
short-circuit currents in various operating modes. As can be observed in this table, the fault
current levels change significantly under different operating modes. It should be noted that,
except baseline configuration, the microgrid experiences bi-directional power flow in other
modes. Thus, protection coordination should be done for both forward and reverse directions and
augmented by the blocking scheme.

LEGEND
T

BUS201

BUS202

BUS203

BUS204

Tie Switch
Circuit Breaker

Capacitor Bank
VR

Voltage Regulator
Load
Line Impedance

T

Open Status
Close Status
IED

BUS101

Figure 5.4

BUS102

BUS103

BUS104

Simplified single-line diagram of the microgrid
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BUS105

Simulated P&C
Power Line

Table 5.1

Microgrid operating mode/configuration (based on status of major switching
devices)

Operating Mode/Configuration

POI

CB1/CB2

CB4

Baseline (no DERs)

ON

ON

ON

OFF

OFF

OFF

Grid-connected (Tie Open – Normal)

ON

ON

ON

ON

ON

OFF

Grid-connected (Tie Close – Looped)

ON

ON

ON

ON

ON

ON

Transfer

ON

OFF

ON

ON

ON

ON

Islanded (Tie Open)

OFF

ON/OFF

OFF/ON

ON

ON

OFF

Table 5.2

CB_CHP CB_BESS

Tie

Microgrid 3LG fault current level in different operating modes (Amps)

Operating Mode/Configuration

Sub

Bus 11

Bus 12

Bus 21

Bus 22

3LG Faults
Baseline (no DERs)

6884.6

3471.5

3266.2

4778.8

3908.8

Grid-connected (Tie Open – Normal)

9197.5

4364.4

4046.2

5835.6

5835.6

Grid-connected (Tie Close – Looped)

9222.7

6175.9

6213.8

6643

6214.5

Transfer

8813.4

5410.2

5688.8

6547.8

5691.8

2555

2196.1

2105.6

2207.5

2007.9

Islanded (Tie Open)

SLG Faults
Baseline (no DERs)

6949

2927.3

2715.6

4303.7

3350.7

Grid-connected (Tie Open – Normal)

9195.8

3676.6

3355.1

5094.5

3855

Grid-connected (Tie Close – Looped)

9225

5467.7

5557.3

5991.8

5557.8

Transfer

8698.9

4755.2

5067.7

5912.5

5069.7

Islanded (Tie Open)

2492.1

1946.1

2074.9

1838.6

2058.1
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5.3.2

Feeder Over-Current Protection Coordination
The coordination study aims at calculating relay protection settings to ensure they are

coordinated under different operating conditions. An automated process, using scripts, can be
adopted in the protection software tool to perform coordination studies. Based on the allowable
configuration, each IED may use several setting groups for different directions. For this study, a
total number of 3 protection setting groups (0, 1 and 2) were identified to be needed. (see Section
5.4.1). A matrix table was setup in the microgrid controller such that the correct setting group
will be selected for each operating mode; this will further be discussed in Section 5.4.3.
5.4

Integration and Testing
The APS study was started with ASPEN simulation for overcurrent relay coordination

study. This study identified the issues and challenges associated with protection of microgrid.
Then the complete application was modelled using RTDS and HIL testing was performed.
5.4.1

ASPEN Coordination Study and Simulation
The studied system in Figure 5.4 was modelled in ASPEN as shown in Figure 5.5 with

all the OC relays configured in the software. The study of protection relays on Feeder 1 (R0, R1,
R2 and R3) are discussed in detail in this section.
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Figure 5.5

ASPEN model of the microgrid

A. Baseline Mode
The relay setting group 1 was configured to protect the microgrid under base-line
operation mode, which only the utility source is in service. The microgrid generators
are all off-line. This is the traditional configuration of OC relays for the distribution
system protection. As it can be observed, from Figure 5.6, that for a fault happens at
the end of feeder, the inverse overcurrent coordination significantly slows the
operation of relay installed at the substation feeder (R0, Curve 1). Therefore, it will
take more than a second for it to trip the breaker if the fault happens close to this
relay. To overcome this issue, an enhanced coordination scheme as shown in Figure
5.1 is required. Figure 5.7 shows an OC coordination curves with enhanced
coordination scheme; the operation time of the same feeder relay is significantly
reduced to less than 0.5s.
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Fuse

R1
R2

R0
R3

R0: CTR=200, Pickup=5A, TD=3,
IEEE Inverse Curve, TP@5.0=1.1767s,
Ia=3405.4A(17.0A, Sec) T=1.466s
R1: CTR=120, Pickup=4A, TD=4.5, IEEE
Very Inverse, TP@5.0=1.1988s,
Ia=3261.3A(27.2A, Sec) T=0.934s
R2: CTR=80, Pickup=5A, TD=3, IEEE Very
Inverse, TP@5.0=0.7992s,
Ia=3748.7A(46.9A, Sec) T=0.515s
R3: CTR=80, Pickup=5A, TD=0.6, IEEE
Very Inverse, TP@5.0=0.1598s,
Ia=4046A(50.6A, Sec) T=0.099s
Fuse: 111-5-080, Ia=4046.2A,
T(Melt)=0.010s
Bus Fault at Feeder 1 end (bus 105)
12kV 3LG

Figure 5.6

Overcurrent coordination curves under baseline mode (no enhanced coordination)
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Fuse

R1
R2
R3

R0

R0: CTR=200, Pickup=5A, TD=1, IEEE
Inverse Curve, TP@5.0=0.3922s,
Ia=3405.4A(17.0A, Sec) T=0.489s
R1: CTR=120, Pickup=4A, TD=1.5, IEEE Very
Inverse, TP@5.0=.3996s,
Ia=3261.3A(27.2A, Sec) T=0.311s
R2: CTR=80, Pickup=5A, TD=1, IEEE Very
Inverse, TP@5.0=0.2664s,
Ia=3748.7A(46.9A, Sec) T=0.172s
R3: CTR=80, Pickup=5A, TD=0.6, IEEE Very
Inverse, TP@5.0=0.1598s, Ia=4046A(50.6A,
Sec) T=0.099s
Fuse: 111-5-080, Ia=4046.2A,
T(Melt)=0.010s
Bus Fault at Feeder 1 end (bus 105)12kV
3LG

Figure 5.7

Overcurrent coordination curves under baseline mode (with enhanced
coordination)
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B. Grid-connected Mode
With microgrid DERs are on-line, the baseline overcurrent coordinate curves need
to be set to forward direction and checked with the microgrid DERs online.
Moreover, another set of curves are required to be set up to take care of the reverse
direction. The pickup of the reverse overcurrent settings should be set much smaller
compared with the base-line direction. Under this case, R3 should be on the top of
curve, followed by R2, R1 and R0.
C. Islanded Mode
Under islanded mode, the fault current is only provided by microgrid DERs, the
forward curve under baseline becomes very slow or even no operation for some faults
if not adjusted. As can be observed from Figure 5.8, R1 operated about 3s for a closein fault and this is too slow. Therefore, another set of overcurrent settings are required
under this operation mode.
Additional operation modes such as loop mode where Tie breaker is closed between
Feeder 1 and Feeder 2 either with grid-connected mode or islanded mode are also studied. The
simulation shows that a total of 3 setting groups (0,1,2) are required. Each group requires one set
of overcurrent protections for forward direction and another set for reverse direction. The study
results show that the APS is required for this microgrid system. Without proper control of the
overcurrent settings on each of the relays in the microgrid system, the dependability and
selectivity of the protection relays will be significantly compromised.
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Fuse
R1
R2

R3
R0

R0: CTR=200, Pickup=5A, TD=1, IEEE
Inverse Curve, TP@5.0=0.3922s,
Ia=0.0A(0.0A, Sec) T=9999s
R1: CTR=120, Pickup=4A, TD=1.5, IEEE Very
Inverse, TP@5.0=.3996s, Ia=821.9A(6.8A,
Sec) T=2.981s
R2: CTR=80, Pickup=5A, TD=1, IEEE Very
Inverse, TP@5.0=0.2664s, Ia=394A(4.9A,
Sec) T=9999s
R3: CTR=80, Pickup=5A, TD=0.6, IEEE Very
Inverse, TP@5.0=0.1598s, Ia=4.3A(0.1A,
Sec) T=9999s
Fuse: 111-5-080, Ia=4046.2A,
T(Melt)=0.010s
Bus Fault at Feeder 1 beginning (Bus 101),
12kV 3LG

Figure 5.8

5.4.2

Overcurrent coordination curves under islanded mode (with enhanced
coordination)

RTDS Test Setup and Data Flow
HIL testing with Protection and Control (P&C) hardware equipment were performed to

verify the performance of the developed APS. The microgrid of Figure 5.4 was simulated in the
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RTDS and P&C devices were interfaced with the RTDS (physical P&C devices are indicated in
Figure 5.4). Figure 5.9 shows the HIL testbed developed in the GE Digital Integration
Laboratory. Low-energy inputs of some relays were utilized to minimize the number of
amplifiers required for testing. The proposed testing approach ensures that the test results are the
best representation of the field environment.
5.4.3

HIL Test Cases and Results
This section outlines the test cases and results of the study. In preparation of the test plan,

various operating scenarios that can affect system protection were considered. Operating mode
of the microgrid is dynamically monitored and evaluated by the microgrid controller. The
controller collects relevant data to identify any topology change in the system. The controller
also reacts to microgrid’s configuration changes by issuing proper setting group change
command to corresponding IEDs.
The APS algorithm, monitoring and supervisory HMI are developed in real-time
microgrid controller -GE Power Gateway [81]. Figure 5.10 shows the HMI representation of the
microgrid configuration developed for this study. Status of the major breakers, switches, and
DERs are monitored by the controller to determine the protection setting group and sequencing
order. When the mode of operation changes, the actual setting group of the protective relays are
compared with the setting group required for that operation mode. If the setting group is
different, then a command is sent to that relay to change the setting group.
For a fault between R2 and R3 in Figure 5.4, Relay R2 blocks its upstream relay (R1) and
isolates the fault. The microgrid controller will then reconfigure the system by closing the tie
switch. Once the tie is closed, the operating mode changes to ‘Transfer’ followed by protection
setting changes. Figure 5.10 (microgrid controller HMI) shows “Transfer” mode when the
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microgrid is connected to the grid through Feeder 2 (CB1 open, Tie closed and CB2 closed). The
real-time setting group of the IEDs matches the setting groups defined in the table under
“Transfer” mode.

Low-Energy Voltage
and Current

Figure 5.9

Hardware-in-the-loop test setup
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Amplified Voltage and Current

Communication Channel

Microgrid Controller

MicroGrid Adaptive Protection HMI
Microgrid Real-time Status

IED_CH P

CB_PV1

CB_PV2

IED_PV1

IED_PV2

FEEDER 1

UTILITY GRID

Microgrid DERs
CB_CHP

CB_BESS
IED_BESS

CB0

CB1

POI

IED_CB0

IED_POI

IED_CB1

IED_CB2

IED_CB3

BRK

BRK

BRK

1

1

1

Real-time DER CB/SW Status

BRK

BRK

BRK

BRK

BRK

BRK

Real-time IED Setting Group

0

0

0

0

1

1

FEEDER 2

TIE
CB3

CB2

CB_T
IED_CBT

CB4

CB5

IED_CB4

IED_CB5

BRK

BRK

BRK

1

1

1

CB6
IED_CB6

BRK

1

IED Protection Setting Groups
IED Setting Group Setting

Baseline
(No DER)

0

0

0

0

0

0

0

0

0

0

0

0

0

Grid-Connected
(Tie Open -Normal)

0

0

0

0

0

0

0

0

0

0

0

0

0

Grid Connected
(Tie Closed - Looped)

0

0

0

0

1

1

1

1

1

1

1

1

1

Transfer

0

0

0

0

1

1

1

1

1

1

1

1

1

Islanded
(Tie Open)

0

0

0

0

2

2

2

2

2

2

2

2

2

Figure 5.10

5.5

HMI for adaptive protection setup

Summary
This study first presented an overview of overcurrent protection issues and solutions for

the microgrid systems. It then focused on the design and testing of the adaptive protection
systems for microgrids. In addition, implementation considerations were discussed to provide the
utility engineers/managers with some guidelines on APS requirements. The proposed solution
consists of an enhanced protection coordination using an IEC61850 GOOSE blocking scheme
and a centralized protection setting adjustment via real-time microgrid monitoring. A
comprehensive set of Hardware-in-the-Loop tests were conducted to verify the effectiveness of
the adaptive scheme. The testing results indicate that APS can elegantly resolve the protection
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coordination challenges for a microgrid system. More specifically, for typical microgrid sizes,
this adaptive protection scheme provides an effective and manageable solution.
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CHAPTER VI
CONCLUSION AND FUTURE WORK
6.1

Conclusion
The protection of microgrid is gaining substantial attentions in recent years due to large

scale deployment of green energy. It will keep being focused in the future due to continuous
development of microgrids and its effects to traditional power grids. IEEE has published a series
of standards on microgrid such as (i) protection, IEEE 1547 and PES-TR71 (ii) microgrid energy
management system (MEMS), IEEE 2030.7 (iii) testing of microgrid controllers, IEEE 2030.7.
(iv) IEEE Recommended Practice for the Planning and Design of the Microgrid, IEEE 2030.92019. Utilities are also gaining more experiences on design, construction and operation of
microgrid systems through pilot projects. According to the research conducted in this
dissertation, the protection of microgrids and the resilience of operating the microgrids are
critically important to remote communities or communities that could be affected by the utilities’
Public Safety Power Shutoffs (PSPS). They're key to mitigating wildfire and PSPS risk statuses
in both normal and abnormal operating conditions.
The studies and results presented in this dissertation will benefit protection engineers and
researchers who are trying to use the latest technologies to uncover new applications on
protecting the distribution system with microgrids. It solves practical challenges that are aroused
on the path of the distribution gird modernization. It also gives new insights and methodologies
on discovering new applications to protect the distribution system with penetrations of
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microgrids or DERs such that faults can be quickly identified, safely isolated and customers
affected by the faults are reduced to minimum.
6.2

Future Work
As utilities are continuing the efforts to modernize the distribution networks,

infrastructures that supports the new technologies are being implemented. However, the benefits
of fully utilizing the newly built infrastructures are yet to come and depend heavily on novel
applications, algorithms and solutions. The wide-scale deployment of PMUs, sensors and the
support of real-time communication protocols such as IEC61850 will help realize these
applications. Future works could include:
•

A real-time PMU based solution to identify fault locations in the distribution feeders. It
will help utilities to implement the Fault Location, Isolation, and System Restoration
(FLISR), an automated means to locate a distribution fault, isolate the affected/faulted
section, and restore power to the healthy segment(s) of a feeder.

•

The adaptive protection of microgrid with on-line setting calculation and coordination
study that can synchronize with the change of grid topologies and operation mode of
microgrids.

•

Applications that can predict a failure and take proper actions before it happens such as
transmission/distribution line monitoring, broken conductor detection, and spikes or low
energy dissipation caused by insulation broken-down.

..
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